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Izvlecˇek
V tem delu raziskujemo izbrane teme Higgsove fenomenologije, da bi odkrili potencialno novo
fiziko na skali TeV. Izkoristili bomo nedavna eksperimentalna odkritja na Velikem Hadronskem
Trkalniku (LHC) in uporabili trenutne podatke o Higgsovem bozonu, da bomo kvantificirali
omejitve na pojave nove fizike. Razpravljamo tudi o strategijah za bodocˇa odkritja na LHC.
Kot primer, lahko novi nabiti in (ali) barvni delci na elektrosˇibki skali v veliki meri vplivajo
procese, ki vkljucˇujejo Higgsov bozon. V tem kontekstu analiziramo eksperimentalne podatke
o Higgsu in sˇtudiramo vpliv lahkih barvnih skalarjev na produkcijo Higgsovega bozona in nje-
gove razpadne kanale. Zanima nas kje in kako bi se lahko ta stanja pojavila s poudarkom na
razsˇiritvah Standardnega Modela, ki se odsredotocˇajo na scenarije poenotenja snovi. Lahki
nekiralni kvarki z nerenormalizabilnimi sklopitvami na Higgsov bozon so pogosta lastnost mod-
elov, ki skusˇajo razresˇiti hierahicˇni problem na elektrosˇibki skali. Sistematicˇno preiskujemo
implikacije operatorjev dimenzije pet na Higgsovov fenomenologijo v prisotnosti dinamicˇnih
nekiralnih kvarkov. Ko uposˇtevamo vse omejitev iz natacˇnih elektrosˇibkih in okusnih meritev
pokazˇemo, da so v nasprotju z renormalizabilnimi modeli, mogocˇe bistvene modifikacije last-
nosti Higgsovega bozona. Prav te bi lahko razjasnile vlogo nekiralnih kvarkov v hierarhicˇnem
problemu na elektrosˇibki skali.
Sˇtudiramo tudi fenomenologijo Yukawinih sklopitev, ki spreminjajo okus med top kvarkom,
Higgsovim bozonom in up ali c kvarkom na LHC. Poudarimo pomembnost anomalnih samotnih
top ter Higgs razpadov v teh procesih kot dodatek pogosteje sˇtudiranim t → hj razpadom.
S ponovitvijo obstojecˇih CMS preiskav v multileptonskih, difoton ter lepton ter vektorski bo-
zon in Higgs kanalih postavimo izboljˇsano limito na doticˇne interakcije. Potem preiskujemo
obcˇutljivost na bodocˇe preiskave v multileptonskih kanalih in hadronskih kanalih. Razvijemo
metodo za diskriminacijo med tuh in tch sklopitvami. Analiza v hadronska koncˇna stanja je
lahko konkurencˇna, cˇe se uporabi tehnike za razlocˇevanje strukture curkov pri rekonstrukciji top
kvarka in Higgsovega bozona.
Analiziramo tudi modele Higgsovega portala v temno snov, kjer je temna snov dovolj lahka, da
lahko prispeva k nevidnim razpadom Higgsovega bozona. Uporabimo efektivno teorijo polja,
da pokazˇemo, da je temna snov lahko termicˇni ostanek le cˇe so na elektrosˇibki skali prisotni
dodatni lahki delci. Podamo tri primere mogocˇih modelov. V vseh treh primerih vplivajo
na kozmolosˇko gostoto temne snovi razlicˇni parametri kot pa na nevidne razpade Higgsovega
bozona. Izpostavimo, da bi dodatni lahki delci lahko vplivali na iskanja na razpade, ki krsˇijo
okusno simetrijo; taki razpadi bi lahko bili nacˇin za odkritje zgoraj omenjenih scernarijev.
Kljucˇne besede: Fizika Higgsovega bozona, Nova Fizika, Veliki Hadronski Trkalnik, Barvni
skalarji, Vektorski kvarki, Temna Snov, Fizika Okusa
PACS: 14.80.Bn, 12.60.Fr, 14.65.Ha, 95.30.Cq
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Abstract
We explore selected topics in Higgs phenomenology in order to uncover potential beyond Stan-
dard Model physics at the TeV scale. We take the advantage of recent experimental develop-
ments at the Large Hadron Collider (LHC) in Geneva and use the existing Higgs data to quantify
the constraints on new physics effects. We then discuss the strategies for future discoveries at
the LHC.
As an example, new charged and (or) colored particles at the electroweak scale can largely effect
loop induced Higgs processes. In this context we analyze experimental Higgs data and study the
impact of light colored scalars on Higgs production and decay processes. We furthermore discuss
where and how these states appear in extensions of the Standard Model with primary focus on
scenarios of matter unification. Light vector-like quarks with non-renormalizable couplings to
the Higgs are a common feature of certain class of models trying to address the electroweak (EW)
hierarchy problem. We systematically investigate the implications of the leading dimension five
operators on Higgs phenomenology in presence of dynamical vector-like quarks. After taking
into account constraints from precision EW and flavor observables we show that contrary to the
renormalizable models, significant modifications of Higgs properties are still possible and could
shed light on the role of vector-like quarks in solutions to the EW hierarchy problem.
Furthermore, we study the LHC phenomenology of flavor changing Yukawa couplings between
the top quark, the Higgs boson, and either an up or charm quark. We emphasize the importance
of anomalous single top plus Higgs production in these scenarios, in addition to the more widely
studied t→ hj decays. By recasting existing CMS searches in multilepton, diphoton plus lepton
final states as well as vector boson plus Higgs search, we set improved limits on such interactions.
We then investigate the sensitivity of future searches in the multilepton channel and in the fully
hadronic channel. We devise a method for discriminating between tuh and tch couplings. An
analysis in the fully hadronic final state can be competitive if jet substructure techniques are
employed to reconstruct boosted top quarks and Higgs bosons.
Finally, we perform an analysis of Higgs portal models of dark matter (DM), where DM is
light enough to contribute to invisible Higgs decays. We use effective field theory to show
that DM can be a thermal relic only if there are additional light particles present at the EW
scale. We then give three concrete examples of viable Higgs portal models of light DM. In all
three examples, the relic abundance is governed by different parameters than the Higgs invisible
decays. We point out that the additional light particles can have implications for flavor violation
and collider searches, which might be a way to discover (or falsify) such scenarios.
Key Words: Higgs Physics, Beyond Standard Model, Large Hadron Collider, Colored Scalars,
Vector-like Quarks, Dark Matter, Flavor Physics
PACS: 14.80.Bn, 12.60.Fr, 14.65.Ha, 95.30.Cq
xi

Contents
Contents xii
List of publications xvii
List of Figures xviii
List of Tables xxv
1 Introduction 1
1.1 Standard Model (SM) - Essential ingredients . . . . . . . . . . . . . . . . . . . . 1
1.1.1 Gauge invariance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.2 Spontaneous symmetry breaking . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.3 Higgs mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 SM gauge group and field content . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 SM Higgs Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 SM Flavor Picture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2 SM Higgs boson – The phenomenological profile 11
2.1 Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Production at LHC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3 Experimental status . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3.1 Higgs searches at CMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.2 Higgs searches at ATLAS . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.4 Analysis of Higgs data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.5 The Phenomenological Higgs Lagrangian . . . . . . . . . . . . . . . . . . . . . . . 26
2.6 Higgs data fit – Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.6.1 The couplings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.6.2 Mixed in scalar singlet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.6.3 New physics in loops . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3 Higgs probing new colored states 33
3.1 Colored scalars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.1 Loop induced Higgs processes with colored scalars . . . . . . . . . . . . . 34
3.1.2 The implications of existing Higgs data . . . . . . . . . . . . . . . . . . . 35
3.1.3 Predictions for h→ Zγ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.1.4 Light colored scalars from GUT . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2 Vector-like Quarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.2.1 Renormalizable models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
xiii
Contents xiv
3.2.1.1 Singlet up-type vector-like quark . . . . . . . . . . . . . . . . . . 43
3.2.1.2 Singlet down-type vector-like quark . . . . . . . . . . . . . . . . 45
3.2.1.3 Doublet vector-like quark . . . . . . . . . . . . . . . . . . . . . . 46
3.2.2 Including non-renormalizable Higgs interactions . . . . . . . . . . . . . . . 47
3.2.2.1 Singlet up-type vector-like quark . . . . . . . . . . . . . . . . . . 51
3.2.2.2 Singlet down-type vector-like quark . . . . . . . . . . . . . . . . 53
3.2.2.3 Doublet vector-like quark . . . . . . . . . . . . . . . . . . . . . . 54
3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4 Top – Higgs Flavor Violation at LHC 59
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.2 Flavor Violating Top–Higgs Couplings . . . . . . . . . . . . . . . . . . . . . . . . 60
4.3 Improved Limits on tuh and tch Couplings from Current LHC Searches . . . . . 62
4.3.1 Recasting the CMS Multilepton Search . . . . . . . . . . . . . . . . . . . 62
4.3.2 Recasting the CMS Diphoton plus Lepton Search . . . . . . . . . . . . . . 64
4.3.3 Recasting the CMS Search for Vector Boson + Higgs Production . . . . . 65
4.4 Sensitivity of Future Searches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.4.1 Future Multilepton Searches and Discrimination between tch and tuh
Couplings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.4.2 Searches in the Fully Hadronic Final State . . . . . . . . . . . . . . . . . . 70
4.4.2.1 Analysis 1: th tag + top tag . . . . . . . . . . . . . . . . . . . . 71
4.4.2.2 Analysis 2: Higgs tag + top tag . . . . . . . . . . . . . . . . . . 72
4.5 Discussion and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5 Higgs portal to Dark Matter 77
5.1 Higgs portals in Effective Field Theory . . . . . . . . . . . . . . . . . . . . . . . . 78
5.2 Suppressed Higgs decays to dark sector . . . . . . . . . . . . . . . . . . . . . . . 80
5.3 Examples of viable Higgs portal models . . . . . . . . . . . . . . . . . . . . . . . 86
5.3.1 SM + DM with an extra triplet and a singlet . . . . . . . . . . . . . . . . 86
5.3.2 2HDM-II + DM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.3.3 SM + DM with extra scalar singlet . . . . . . . . . . . . . . . . . . . . . . 92
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
6 Concluding Remarks 97
Bibliography 99
A Loop functions in Higgs decays 1
A.1 One-loop functions for h→ gg and h→ γγ . . . . . . . . . . . . . . . . . . . . . 1
A.2 One-loop functions for h→ Zγ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
B CKM non-unitarity and Z mediated FCNCs in top quark production and
decays 3
C Bounds on down-type quark mixing with vector-like weak singlets and dou-
blets from rare K and Bq processes 5
D Constraining Z → qq¯ 9
Contents xv
E Doublet vector-like quark contributions to ρ parameter in presence of 1/Λ
corrections 13
F Relic density and direct detection 15
G Tagging Top Decays to Higgs + Jet 17
H Povzetek doktorskega dela 21
H.1 Uvod . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
H.2 Iskanje novih barvnih stanj s pomocˇjo Higgsovega bozona . . . . . . . . . . . . . 26
H.2.1 Barvni skalarji . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
H.2.2 Nekiralni kvarki . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
H.3 Higgsov portal v Temno snov . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
H.4 Top – Higgs Okusne Krsˇitve na LHC . . . . . . . . . . . . . . . . . . . . . . . . . 32

List of publications
• I. Dorsner, S. Fajfer, A. Greljo and J. F. Kamenik,
“Higgs Uncovering Light Scalar Remnants of High Scale Matter Unification”,
JHEP 1211, 130 (2012), [arXiv:1208.1266 [hep-ph]].
• S. Fajfer, A. Greljo, J. F. Kamenik and I. Mustac,
“Light Higgs and Vector-like Quarks without Prejudice”,
JHEP 1307, 155 (2013), [arXiv:1304.4219 [hep-ph]].
• A. Greljo, J. Julio, J. F. Kamenik, C. Smith and J. Zupan,
“Constraining Higgs mediated dark matter interactions”,
JHEP 1311, 190 (2013), [arXiv:1309.3561 [hep-ph]].
• A. Greljo, J. F. Kamenik and J. Kopp,
“Disentangling Flavor Violation in the Top-Higgs Sector at the LHC ”,
JHEP 1407, 046 (2014), [arXiv:1404.1278 [hep-ph]].
xvii

List of Figures
2.1 Feynman diagrams for the dominant production mechanism of the SM Higgs
boson at the LHC: (a) Gluon-gluon fusion, (b) Vector boson fusion, (c) Associated
production with the vector boson and (d) Associated production with t¯t. . . . . 16
2.2 Higgs signal strengths in five decay channels as reported by the CMS collabora-
tion [54]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3 Higgs signal strengths in five decay channels as reported by the ATLAS collabo-
ration [55]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.4 Preferred range at 1σ by the existing LHC Higgs data for the Higgs couplings
modifiers as defined in the Phenomenological Higgs Lagrangian (Eq. 2.17). Single
coupling is allowed to vary in the fit. The measurements agree well with the SM
predictions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.5 The constraints from the existing LHC Higgs data imposed on the model with
common scaling of SM Higgs couplings κ and arbitrary invisible decays. Dark
gray (light gray) show 68% (95%) CL allowed region in (κ, δ) plane by the Higgs
data fit. The red curves show the same constraints when the direct ATLAS and
CMS searches for the invisible decays are excluded from the fit. . . . . . . . . . . 31
2.6 The constraints in the (Γh→gg/ΓSMh→gg,Γh→γγ/Γ
SM
h→γγ) plane from the existing
LHC Higgs data. In dark (light) gray we show 1σ (2σ) preferred region when
only cg and cγ are allowed to take nonstandard values. For details see text below. 31
3.1 The preferred region in (Rgg ≡ Γh→gg/ΓSMh→gg, Rγγ ≡ Γh→γγ/ΓSMh→γγ) plane at
68% (95%) CL from the fit to LHC Higgs data is show in dark (light) grey. The
correlations induced by the presence of colored scalars are shown in various curves. 36
3.2 Viable unification for the model with 5-dimensional and 45-dimensional scalar
representations and an extra set of fermions in 24-dimensional representation in mˆ
vs. MGUT plane at the one-loop level for central values of low-energy observables.
Solid lines, going from top to bottom, correspond to m∆1 = 340 GeV, m∆1 =
500 GeV, m∆1 = 5 TeV and m∆1 = 50 TeV. Horizontal dashed line is due to
the constraint imposed by experimental limit on partial proton decay lifetime
through p→ pi0e+ on m∆1 = 340 GeV case. . . . . . . . . . . . . . . . . . . . . . 39
3.3 Viable unification for the model with 5-, 15- and 45-dimensional scalar repre-
sentations in m∆1 vs. MGUT plane at the one-loop level for central values of
low-energy observables. Horizontal dashed line represents a limit due to the con-
straint imposed by experimental limit on partial proton decay lifetime through
p→ pi0e+. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.4 Upper limit at 95% C.L. on t−u′ (left-handed) mixing angle as a function of the
u′ quark mass in the model with an up-type vector-like quark. The gray region
marks the ATLAS experimental search bound on the renormalizable model using
the u′ → th decay signature [147]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
xix
3.5 Allowed region at 95% C.L. for u′ − d′ mass splitting as a function of the u′
quark mass in models with a doublet vector-like quark. The narrowest purple
bands apply to the renormalizable model, the middle orange band stands for
the non-renormalizable model in the zero t− u′ mixing limit, while the broadest
green band is for the non-renormalizable model with non-zero t−u′ mixing effects
allowed by Z → bb data. The gray area marks the ATLAS experimental search
bound on the renormalizable model using the u′ → th decay signature [147]. . . . 45
3.6 Left: Fit of Higgs data taking Rgg ≡ R(h → gg), Rγγ ≡ R(h → γγ) and
∆γ as fitting parameters. The best fit point (cross), 1σ (dark gray) and 2σ
(light gray) regions are shown in the (Rgg, Rγγ) plane after marginalizing over
∆γ. The SM reference scenario is marked with a diamond. Results of the fit for
∆γ fixed to its SM value are given by the darker red contour (1σ region) and
the lighter orange contour (2σ region). The resulting prediction from the non-
renormalizable model with an additional up-type vector-like quark, the model
with a down-type vector-like and the model with a doublet vector-like quark in
the no-mixing and negligible isospin breaking limit are given by the continuous-
blue, dotted-red and dashed-green curves, respectively. General predictions from
the non-renormalizable model with a doublet vector-like quark are given by the
region presented with the dashed-black contour (see text for details). Right: Fit
of Higgs data taking Rgg, Rγγ , Rb and ∆γ as fitting parameters. The best fit point
(cross), 1σ (dark gray) and 2σ (light gray) regions are shown in the (Rgg, Rγγ)
plane after marginalizing over Rb and ∆γ. Results of the fit for ∆γ fixed to
its SM value are given by the darker red contour (1σ region) and the lighter
orange contour (2σ region). The resulting prediction from the non-renormalizable
model with a down-type vector-like and the model with a doublet vector-like
quark in the no-mixing and negligible isospin breaking limit are given by dotted-
red and dashed-green curves, respectively. General predictions from the non-
renormalizable model with a doublet vector-like quark are given by the region
presented with the dashed-black contour (see text for details). . . . . . . . . . . 50
4.1 Example Feynman diagrams contributing to the LHC production of pp → (t →
W+b)h (left) and pp → [(t → W+b)(t¯ → hq¯), (t¯ → W−b¯)(t → hq)] (right)
through flavor violating top-Higgs interactions in Eq. (4.1) (marked with gray
dots). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2 Cross-sections for (t → bW ) + (t → hq) and single top + Higgs production in-
duced by flavor violating top-Higgs couplings as a function of the hadronic center
of mass energy and normalized to the corresponding tqh couplings. All partonic
cross-sections are computed analytically at leading order in QCD, while parton
luminosity integration is performed using MSTW2008 leading order parton dis-
tribution functions [141] with renormalization and factorization scales fixed to
the top mass (µr = µf = mt = 173.2 GeV). . . . . . . . . . . . . . . . . . . . . . 61
4.3 Pseudorapidity distributions for the Higgs boson in various flavor violating pro-
cesses at 13 TeV for ytq = yqt = 0.13 (corresponding to B(t → hq) ' 1%) and
an integrated luminosity of 1 fb−1. The results are obtained using a FeynRules
v1.6.16 [229] implementation of the effective interactions in Eq. (4.1) and using
MadGraph 5, v1.5.11 [230] for MC simulation. Events are normalized to corre-
sponding state of the art QCD corrected cross sections as discussed in the Sec. 4.2. 61
4.4 Comparison of flavor violating pp→ (t→Wb) + (t→ hq) and pp→ th signals to
the data from a CMS search for vector boson + Higgs production [222] in the ``τh
final state. We plot the number of events against the invariant mass of the τ jet
and the two light leptons, mvisττ . Data points correspond to the CMS measurement
in 5.0 fb−1 of 7 TeV data and 19.5 fb−1 of 8 TeV data. The stacked shaded
histograms show the CMS background prediction, which is in excellent agreement
with our estimates of the ZZ background (red dashed histogram) and the WZ
background (orange dashed histogram, stacked on top of the ZZ and reducible
backgrounds predicted by CMS). The black dotted histogram corresponds to
the expected number of events (our signal prediction plus the CMS background
prediction) in a model with flavor violating (a) top–up–Higgs couplings and (b)
top–charm–Higgs couplings at the current upper limit
√
y2qt + y
2
tq = 0.14 from
CMS [219]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.5 For a parton level sample of ug → th events with the decay chain h→ WW ∗ →
``νν and t → Wb → `νb, we show the distributions of the Higgs pseudorapidity
ηh (red dashed), the pseudorapidity of the dilepton system from Higgs decay η``h
(black dotted) and the pseudorapidity of the dilepton system η`` with the smallest
angular distance ∆R`` (blue solid). Here we have assumed ytu = yut = 0.13, a
hadronic center of mass energy of 13 TeV and an integrated luminosity of 1 fb−1. 68
4.6 Conservative estimates for the performance of an LHC search for flavor violating
top–Higgs couplings in the multilepton channel at 13 TeV center of mass energy.
Thick solid lines represent the expected 95% CL exclusion limits on B(t → hc)
(blue) and B(t→ hu) (red) as a function of integrated luminosity. Thick dotted
curves show the 5σ discovery potential. For tuh (tch) couplings above the thin
dashed curves, the tch (tuh) hypothesis can be excluded at 95% CL based on the
different distributions of the dilepton rapidity η`` and the total charge Qtot. The
discrimination power of these variables comes from the presence or absence of the
process ug → th. Since we treat the overall normalization of the background as an
unconstrained nuisance parameter, our sensitivity projections are very conservative. 68
4.7 Kinematic distributions of events that pass the preselection of our search for t+h
production in the fully hadronic final state. We show (a) the invariant mass mH
and (b) the pseudorapidity ηh of the fast jet identified as the Higgs candidate. . . 73
5.1 The spin independent DM-nucleon cross sections (dashed-blue) induced by Higgs
vector current operators (5.8) after requiring correct thermal relic density ΩDMh
2 =
0.1186±0.0031 [189] for scalar DM (top left), vector DM (top right) and fermion
DM with vector (bottom left) couplings. Bottom right panel shows the spin de-
pendent cross section for fermion DM with axial vector couplings. The current
XENON100 [186] and projected future XENON1T bounds [183] are denoted by
dot-dashed and solid red lines, respectively. The shaded blue regions indicate
where the EFT description breaks down (Λ < 2mDM ). . . . . . . . . . . . . . . . 81
5.2 The DM-nucleon cross sections (dashed-blue) induced by operators (5.10). The
predicted values are compared to the current XENON100 bound (dot-dashed-red
line) and future XENON1T bound (continuous-red line). . . . . . . . . . . . . . 83
5.3 The bb¯ (blue) and τ+τ− (red) annihilation cross-sections (〈σv〉) for the fermionic
operators in (5.10) (upper two panels) and for fermionic DM with axial vector
coupling to Higgs vector current in (5.8) (cVψ = 0). The continuous (dashed)
lines indicate the present experimental upper bounds [195, 196] (predicted values
assuming correct DM relic density) on 〈σv〉. . . . . . . . . . . . . . . . . . . . . 84
5.4 The dependence of the EFT cut-off scale Λ for scalar (blued dashed line) and
tensor (green dotted line) operators (5.10) and flavor structure (5.11) for fermionic
DM as a function of DM mass mDM after requiring correct relic density. The solid
red line shows Λ for leptonic operator (5.13). . . . . . . . . . . . . . . . . . . . . 85
5.5 The dependence on mDM of the parameter m∆ (red solid line) in the SM + DM
model with an extra triplet and a singlet Lagrangian (5.17) for which proper
relic density is obtained. The masses of physical φ −∆0 mixed states, m1,2 are
shown as blue dashed and green dotted lines. Other inputs in (5.17) are set to
fab = y = λ = 1 with mφ = m∆. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.6 The value of gSSH that gives the observed DM relic density in 2HDM-II models
with extra singlet, as function of DM mass, mDM, for the case where the invisible
decay width of the Higgs and the DM-proton scattering cross section both vanish.
Two choices of the heavy CP-even Higgs mass, mH = 200, 300 GeV are shown. . 91
5.7 The 68.3% and 95.5% C.L. parameter regions in 2HDM-II with an extra singlet
that are allowed by the Higgs signal strength data are shown in dark grey and
light grey, respectively. Orange-dashed curve correspond to β − α = pi/2. Black-
dashed curve correspond to Eq. (5.32). The 95.5% C.L. region allowed by the
Higgs data together with direct DM detection bound from XENON100 is shown
in cyan. For definiteness we assume mH = 200 GeV, mS = 40 GeV and gSSH
such that the proper DM thermal relic is obtained. . . . . . . . . . . . . . . . . . 91
5.8 Coupling λp for which the proper relic abundance is obtained in the model with
an extra scalar singlet (5.37). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.9 Constraints from Higgs signal strengths of the Higgs portal model of light DM
with an extra singlet. 1σ and 2σ constraints on sinα and B(h → invisible) are
show as dark and lighter grey regions, respectively. . . . . . . . . . . . . . . . . . 94
D.1 Left: Fit of Z-pole data taking δGqL,R for q = u, d, c, s, b as fitting parameters.
Best fit point (cross), 1σ (dark gray) and 2σ (light gray) regions are shown in
the (δGbR, δG
b
L) plane after marginalizing over the other parameters. The results
of the fit for fixed δGu,d,c,sL,R = 0 are given by the red contour (1σ region) and the
orange contour (2σ region). Right: The fit of Z-pole data in the model with a
singlet down-like vector-like quark. Best fit point (cross), 1σ (dark gray) and 2σ
(light gray) regions are shown in (δXdbb, δX
d
ss) plane. . . . . . . . . . . . . . . . . 11
D.2 Fit of Z-pole data in the model with a doublet vector-like quark mixing predom-
inantly with the third generation. Best fit point, 1σ (dark gray) and 2σ (light
gray) regions are shown in the (sbD, stU ) plane. . . . . . . . . . . . . . . . . . . . 12
G.1 Subjet invariant mass distributions for (a) tt¯ → hhjj → bb¯bb¯jj events, (b) tt¯ →
bb¯W+W− → bb¯jjjj events, (c) QCD multijet events. mij denotes the invariant
mass of the i-th and j-th HEPTopTagger subjets after filtering and reclustering
into exactly 3 subjets. Subjets are ordered by decreasing transverse momentum.
The Rmin and Rmax dependent cuts from Eq. (G.1) restrict the analysis to events
lying within the dashed bands. We have used Rmin = 0.9mH/mt and Rmax =
1.1mH/mt. The median of the dashed bands corresponds to mij = mh for one
combination of i, j = 1, 2, 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
H.1 Feynmanovi diagrami za dominantne produkcijske mehanizme Higgsovega bozona
v Standardnem modelu: (a) gluon-gluonska fuzija, (b) fuzija masivnih vektorskih
bozonov, (c) asocirana produkcija z masivnim vektorskim bozonom, (d) asocirana
produkcija s parom t¯t. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
H.2 Sipalni preseki za razpade (t → bW ) + (t → hq). Sklopitvena konstanta za
produkcijo top kvarka in Higgsa prek sklopitev, ki krsˇijo okusno simetrijo, kot
funkcija hadronske invariantne mase normalizirana na pripadajocˇe tqh sklopitve.
Partonski sipalni preseki so izracˇunani v glavnem redu QCD, medtem ko je par-
tonska luminoznost izracˇunana s pomocˇjo MSTW2008 partonskih distribucijskih
funkcij [141]. Renormalizacijska ter faktorizacijska skala sta fiksirani na maso top
kvarka (µr = µf = mt = 173.2 GeV). . . . . . . . . . . . . . . . . . . . . . . . . . 33

List of Tables
1.1 SM field content and representations under SM gauge group. . . . . . . . . . . . 6
2.1 Higgs boson branching ratios for mh = 125.6 GeV in the SM as reported in CERN
Report 3 [42]. Total decay width is predicted to be Γhtot = (4.15± 0.16) MeV. . . 13
2.2 State of the art predictions for dominant production cross sections of the SM
Higgs boson at the LHC as reported in CERN Report 3 [42]. Theoretical uncer-
tainties from QCD scale variation and limited knowledge of parton distribution
functions and strong coupling constant are combined linearly. Higgs boson mass
of mh = 125.6 GeV is assumed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3 The LHC Higgs data as used in our fitting procedures. The separation into
production mechanisms for a given decay channel is used if provided. For the
details consider Section 2.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.1 Preferred range for λΦ(v/mφ)
2 at 95% CL by the LHC Higgs data. We consider
only triplet, sextet and octet color representations since these can couple directly
with the SM matter fields. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.1 Number of signal events, expected background events and observed events in each
event category of the CMS multilepton analysis [221] for B(t → hu) = 0.01. All
bins contain exactly three isolated light charged leptons. . . . . . . . . . . . . . . 63
4.2 Number of signal events, expected background events and observed events in each
event category of the CMS diphoton plus lepton analysis [219] for B(t → hu) =
0.01. All bins contain exactly one isolated light charged lepton and two isolated
photons in the Higgs mass window. . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3 Limits on flavor changing tuh and tch couplings from recasting a CMS search for
V + (h → ττ) production [222] into a search for anomalous t → jh decays and
anomalous single top + Higgs production using 5.0 fb−1 of 7 TeV and 19.5 fb−1
of 8 TeV data. We also show the expected sensitivity of a similar search using
100 fb−1 of 13 TeV data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.4 Number of predicted signal and background events per bin for a multilepton
analysis using 100 fb−1 of 13 TeV data. We have assumed B(t → hu) = 0.01.
The column labeled N(t → hj) shows the signal contribution from t + (t →
hq) events, while the column labeled N(th) contains the signal from single top
plus Higgs production. The column labeled N(BG) is the expected background
from SM tt¯ events with a jet misidentified as a lepton. For flavor violating tch
instead of tuh couplings, N(t → hj) remains unchanged, while N(th) becomes
negligible because the process gc→ th compared to gu→ th by the small parton
distribution function for charm quarks. . . . . . . . . . . . . . . . . . . . . . . . . 70
4.5 Predicted signal and background event rates in 100 fb−1 of 13 TeV data for the
different variants of our fully hadronic analysis. . . . . . . . . . . . . . . . . . . . 72
xxv
4.6 Projected sensitivity of searches for anomalous t → jh decays and anomalous
single top + Higgs production in the fully hadronic final state, using 100 fb−1 of
13 TeV data. See text for a detailed explanation of the different analyses. . . . . 72
4.7 Summary of our new limits on flavor violating tuh and tch couplings from the
CMS multilepton search, diphoton plus lepton search and vector boson plus Higgs
search, as well as the projected sensitivities in a future multilepton search, a
vector boson plus Higgs search and an analysis of fully hadronic final states using
100 fb−1 of 13 TeV data. See text for a detailed explanation of the different
analyses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.1 The bounds on LFV couplings fab of ∆ in Eq. (5.17), following from leptonic
LFV decays. The experimental 95% C.L. upper bounds are from [190], except
for µ→ eγ which is from [203]. We set m∆+ = m∆++ = m∆. . . . . . . . . . . . 88
D.1 Z pole observables used in the analysis and their SM predictions. Correlations
between observables are neglected. . . . . . . . . . . . . . . . . . . . . . . . . . . 9
H.1 Polja znotraj standardnega modela ter njihove reprezentacije v okviru umeritvene
grupe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
H.2 Razvejitvena razmerja za Higgsov bozon z maso mh = 125.6 GeV v Standardnem
modelu kot so napisana v CERN Report 3 [42]. Predvidena celotna razpadna
sˇirina je Γhtot = (4.15± 0.16) MeV. . . . . . . . . . . . . . . . . . . . . . . . . . . 24
H.3 Sipalni preseki za dominante produkcijske kanale Higgsovega bozona na LHC, kot
v CERN Report 3 [42]. Teoreticˇne negotovosti iz variacije skale QCD, omejenega
znanja o partonskih porazdelitvah ter mocˇni sklopitveni konstanti so zdruzˇene
linearno; predpostavljamo, da je masa Higgsovega bozona mh = 125.6 GeV. . . . 24
H.4 Preferiran razpod parametrov λΦ(v/mφ)
2 pri 95% stopnji zaupanja (CL). Sma-
tramo samo tripletno, sekstetno ter oktetno barvno reprezentacijo, saj te lahko
sklapljajo direkno na polja Standardnega modela. . . . . . . . . . . . . . . . . . . 26
H.5 Povzetek nasˇih limit na sklopitve tuh in tch, ki krsˇijo okusno simetrijo, iz CMS
podatkov za multileptonske razpade, razpade dveh fotonov ter leptona ter vek-
torskega bozona ter Higgsa. Podane so tudi pricˇakovane obcˇutljivosti za prihod-
nje meritve pri luminoznosti 100 fb−1 in invariantni masi 13 TeV. Podrobnosti o
analizi se nahajajo v tekstu. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
Chapter 1
Introduction
The foundations of modern particle physics are based on a few basic principles. The world of
particles is microscopic, dealing with the shortest distances, as well as relativistic, corresponding
to the largest energies and velocities. Therefore, the proper description of the phenomena is
a unified framework of quantum mechanics and special theory of relativity. In the quantum
field theory framework, particles are quantum excitations of the associated fields and particle
creations and annihilations are allowed according to the laws of underlining dynamics.
A remarkable property of Nature is that the fundamental laws governing the dynamics of par-
ticles are described by symmetry principles. Thus, understanding the very basic laws of Nature
is boiled down to understand the symmetry structures involved. In Sec. 1.1, we discuss the
essential ingredients to the Standard Model (SM) of particle physics, namely, the principle of
local gauge invariance, the phenomena of spontaneous symmetry breaking and the Higgs mech-
anism. We then introduce in Sec. 1.2 the SM gauge group and field content and emphasize
the great triumph of the SM in describing fermion interactions with gauge bosons. In Sec. 1.3
we present the SM description of the electroweak (EW) symmetry breaking through the Higgs
mechanism. We discuss in Sec. 1.4 the SM flavor picture and show the intrinsic relation between
EW symmetry breaking and flavor physics.
1.1 Standard Model (SM) - Essential ingredients
1.1.1 Gauge invariance
The fundamental principle behind of all the particle interactions is gauge invariance. It is
a requirement of invariance under independent transformations of basic internal degrees of
freedom at every point in space-time. The theory constructed on this principle is referred as
the Yang-Mills theory [5].
As an illustration, let us take free fermion theory described by the Lagrangian L0 = iψ¯γµ∂µψ.
The theory has a global U(1) symmetry, namely, invariance under ψ → eiαQψ. Promoting a
global symmetry to a local one, α→ α(x), the free Lagrangian is no longer invariant. In order
to preserve the invariance, ordinary derivative has to be replaced by the covariant derivative
Dµ, such that Dµψ transforms as ψ. Consequently, a new vector field Aµ(x) is introduced,
transforming in such a way to cancel the ∂µα(x) term in δL0. The covariant derivative then
1
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takes the form
Dµ = ∂µ + ieQAµ, (1.1)
and Aµ transformation law is given by Aµ → Aµ − 1e∂αµ. The appropriate gauge invariant
fermion kinetic term is of the form L = iψ¯γµDµψ. The extra piece in the Lagrangian needed
to maintain the invariance, −eQψ¯γµψAµ, is precisely the interaction! Vector field tensor Fµν is
defined in terms of the covariant derivative as [Dµ, Dν ] = ieFµν . After inserting Eq. 1.1, we get
Fµν = ∂µAν − ∂νAµ. The gauge invariant vector field kinetic term is given by −14FµνFµν .
Let us summarize the main predictions of gauge invariance so far. First, the very existence
of a force mediator field is implied. The mediator is required to be vector and is, therefore,
commonly called a gauge boson. Second, the form of interaction of matter fields with force
mediators are determined. Namely, the gauge boson couples to the conserved current of the
symmetry.
Generalization of gauge invariance under any continuous symmetry group is straightforward.
Let us take group G with generators ta satisfying the group algebra relation [ta, tb] = ifabctc.
The infinitesimal transformation law of fermion fields under arbitrary representation r of the
symmetry group is ψi → (δij + iαatr,aij )ψj , where tr,aij are matrix representation of group
generators. Promoting the global symmetry to local, the covariant derivative is introduced
Drµ,ij = δij∂µ − igAaµtr,aij . The infinitesimal transformation law of the gauge boson field is then
given by Aaµ → Aaµ + 1g∂αaµ + fabcAbµαc. Note that there is a novel term that, for non-zero fabc,
transforms gauge bosons into each other. More precisely, Aaµ transform under adjoint repre-
sentation of the group. Therefore, gauge boson self-interactions are predicted for non-abelian
gauge theories. The field tensor is defined by [Dµ, Dν ] = −igFµνta, or more explicitly
F aµν = ∂µA
a
ν − ∂νAaµ + gfabcAbµAcν . (1.2)
Now, the gauge invariant Aaµ kinetic term −14F aµνF a,µν , also describes cubic and quartic gauge
boson vertex.
Final comment on gauge invariance regards the mass terms in the Lagrangian. The Dirac
fermion mass term mψ¯ψ ≡ m(ψ¯LψR + ψ¯RψL), is allowed by gauge symmetry given left and
right chiralities transform under the same representation, otherwise, it is forbidden. We refer to
these two possible types of theories as vector-like and chiral, respectively. On the other hand,
the gauge boson mass term m2AµA
µ explicitly breaks gauge invariance, thus, gauge symmetry
predicts gauge bosons to be massless. However, there is a special class of theories, namely,
spontaneously broken gauge field theories, that can accommodate for non-zero gauge boson
masses and preserve some key features of gauge invariance.
1.1.2 Spontaneous symmetry breaking
Spontaneous symmetry breaking (SSB) [6] is the phenomena occurring in the system described
by a symmetric theory that predicts several ground states, i.e. the states of minimum energy.
The system spontaneously settles down in a particular vacuum, apparently hiding the underling
symmetry of the theory. As an illustration of the phenomenon, let us take a real scalar field
with a renormalizable potential that obeys a Z2 symmetry,
V (φ) = µ2φ2 + λφ4. (1.3)
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There are two phases of the theory depending on the value of the parameter µ2. For µ2 > 0, there
is a single ground state and the theory describes a scalar particle with mass
√
2µ and quartic
self-interaction. On the other hand, if µ2 < 0, the theory predicts two field configurations with
minimal energy 〈φ〉± = ±
√
−µ2
2λ . In order to interpret the theory, take the system to be near
one of the minima, say the positive one, and rewrite the field as a fluctuation around the chosen
vacuum state, φ = 〈φ〉+ + η. Now, η represents the physical field, that, after inserting into
Eq. 1.3, has a qubic tree level self-interactions. The original Z2 symmetry is no longer apparent,
but is manifested in the relation between mass and couplings. The minimum field configuration
〈φ〉 is then called vacuum expectation value (VEV). Non-zero VEV implies spontaneously broken
phase of the theory.
The idea generalized to continuous global symmetries leads to interesting predictions. Assume
the potential of the theory V (φi) is invariant under the group G, where the scalar multiplet φi
transforms under representation r of G. Suppose the potential V (φ) is minimized by non-zero
VEV, 〈φi〉 = vi. The global invariance of the potential requires V (φi + iαaT aijφj) = V (φ).
Expanding the left side of the previous equation to linear order in α, and taking a derivative
with respect to φi,
∂2V
∂φj∂φi
T ajkφk +
∂V
∂φj
T aji = 0. (1.4)
In the vacuum configuration, the minimum of the potential implies ∂V∂φj (v) = 0, and m
2
ij ≡
∂2V
∂φi∂φj
(v) is a positive definite mass-squared matrix. Evaluating Eq. 1.4 in the vacuum, we get
m2ij(T
av)j = 0. (1.5)
Generator of the group T a is called broken if T aijvj 6= 0. For any broken generator, vector T av
is non-zero eigenvector of the mass-squared matrix with zero eigenvalue. Thus, the scalar field,
corresponding to the T av direction in the field space, is massless. This is the famous Gold-
stone theorem [7–11], which states that the theory with spontaneously broken global symmetry,
contains a massless particle for each broken generator.
So far, the phenomenon was discussed at the classical level. In quantum field theory, we start
with the generating functional of correlation functions for a scalar field, Z[J ] = exp(−iE[J ]) =∫ Dφ exp(∫ d4x(L + Jφ)), where E[J ] is the energy functional. Taking the derivative of the
previous equation with respect to the external source J , we get φcl(x) ≡ − δEδJ = 〈0 |φ| 0〉J . The
effective action is defined as the Legendre transform of E[J ],
Γ[φcl] ≡ −E[J ]−
∫
d4yJφ. (1.6)
Taking the derivative of Γ[φcl] with respect to φcl, we get
δ
δφcl
Γ[φcl] = −J . If the external source
is set to zero, the solution to the previous equation is a VEV of the quantum theory.
Given the theory obeys translation invariance, the solution is independent of the space-time
coordinate. Thus, it is convenient to define the effective potential [12] as the effective action
divided by the large space-time volume,
Veff (φcl) = − 1
V T
Γ[φcl]. (1.7)
The effective potential is the quantum analog of the classical potential, and can be systematically
calculated order by order in perturbation theory. The leading order approximation to Veff is the
classical potential. The discussion of SSB in quantum theory is boiled down to the calculation of
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Veff . Interestingly enough, the Goldstone theorem remains untouched by quantum corrections.
In particular, the effective potential preserves the symmetry of the classical potential. The
classical proof can be repeated in full quantum field theory using the effective action formalism.
In the previous discussions, we have considered only SSB in weakly coupled scalar field theories.
However, the phenomenon can occur in many other systems. Particularly interesting is the case
of dynamical breaking of QCD chiral symmetry at low energies by condensation of the color
force. Here, SU(2)L×SU(2)R chiral symmetry of the QCD Lagrangian is spontaneously broken
down to SU(2)V by a non-zero quark condensate 〈q¯RqL〉 6= 0. The remnants of the breaking are
three Goldstone bosons, the physical pions.
Let us take arbitrary quantum filed theory with spontaneous breaking of global symmetry G.
We assign Noether current Ja,µ(x) to each generator ta of the symmetry group. Let |pii〉 denote
a Goldstone boson state. The following matrix element can be parametrized as,
〈0 |Ja,µ(x)|pii(p)〉 = −ipµfai exp(−ip · x). (1.8)
Here, fai matrix elements are non-zero only if t
a is a broken generator associated with i-th
Goldstone boson. Taking the derivative of Eq. 1.8 with respect to xµ, and employing the
current conservation, ∂µJ
a,µ = 0, we get p2fai = 0. Thus, the Goldstone bosons are massless.
1.1.3 Higgs mechanism
It is instructive to study the effects of spontaneous symmetry breaking in gauge theories. In-
terestingly enough, the Goldstone boson degree of freedom is ”eaten up” by the gauge field to
form a longitudinal on-shell degree of freedom. In this way gauge field acquires mass. This is
the essence of the Higgs mechanism [20–24].
As an illustration, consider weakly interacting gauge theory of scalar fields transforming under
finite-dimensional representation r of compact Lie group G. The Lagrangian of the theory is
L = (Dµφi)†(Dµφi)− V (φi)− 1
4
F aµνF
a,µν . (1.9)
The covariant derivative of the scalar field is Dµφi = (δij∂µ − igAaµtaij)φj . Then the kinetic
energy term for scalars is
(Dµφi)
†(Dµφi) = ∂µφ
†
i∂
µφi + igA
a
µt
a
ij
(
φ†i∂
µφj − ∂µφ†iφj
)
+ g2AaµA
b,ν(φ†jt
a
ji)(t
b
ikφk). (1.10)
Now, let us assume that the scalar potential is such that SSB is taking place, that is, the scalar
field acquire non-zero VEV, 〈φi〉 = vi. Then, the last term in Eq. 1.10 generates mass matrix
for the gauge bosons, m2ab = 2g
2v†T aT bv. The mass matrix is hermitian and symmetric, and
can be diagonalized by appropriate redefinitions of group generators. Furthermore, the diagonal
elements satisfy, m2aa = 2g
2(T av)†(T av) ≥ 0, which is expected for mass. Finally, the gauge
boson that corresponds to a broken generator, i.e. T aijvj 6= 0, acquires non-zero mass, otherwise
it remains massless.
It is important to stress that the Higgs mechanism is not exclusively related to weakly-coupled
scalar field theories. Rather, it is the general property of spontaneously broken gauge theories.
Let as clarify this point. Take arbitrary quantum field theory with the global symmetry G.
Promoting a global symmetry to a local one, at leading order in the coupling constant, the gauge
principle requires gauge bosons to couple with Noether currents. The interaction Lagrangian
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is given by LI = −gAaµJa,µ + O(g2). Let us now calculate the vacuum polarization amplitude
for the gauge bosons. The Ward identity requires the amplitude to be of the following form,
Πabµν(k) = i(gµν − kµkνk2 )Π(k2). On the other hand, the contribution to Πabµν from LI is
Πabµν(k) = −g2
∫
d4x
〈
0
∣∣∣T (Ja(x)Jbν(0))∣∣∣ 0〉 e−ik·x. (1.11)
After inserting Goldstone boson states into the previous equation and using Eq. 1.8, we find
Πabµν(k) = (−gkµfai ) ik2 (gkνf bi ). For non-zero fai , the vacuum polarization amplitude has a pole
at k2 = 0 due to the exchange of massless Goldstone states. The gauge boson mass term igµνm
2
ab
is introduced, such that the Ward identity is satisfied. Thus, we finally obtain, mab = g2fai f
b
i .
Again, gauge bosons that correspond to broken generators acquire mass.
1.2 SM gauge group and field content
The phenomenology of matter and radiation at the microscopic level is governed by three types of
fundamental interactions, namely, strong, electromagnetic and weak interactions. The Standard
Model of particle physics is a spontaneously broken gauge field theory based on the SU(3)C ×
SU(2)L × U(1)Y symmetry group. Quantum Chromo-Dynamics (QCD) [16–19], the theory of
strong interactions is governed by the SU(3)C subgroup, while Electroweak interactions, unified
electromagnetic and weak interactions, are described by the SU(2)L × U(1)Y [13–15]. There
are twelve force carriers in the SM; eight gluons associated to QCD group generators, and four
electroweak gauge bosons, W+-, W−-, Z- boson and the photon. Contrary to massless gluons
and photon, the gauge bosons mediating weak interactions are massive. Thus, the SM gauge
group is spontaneously broken down to the SU(3)C × U(1)QED.
Matter fields in the SM are quarks and leptons. These are spin 1/2 fermions that transform
under singlet or fundamental representations of the SM gauge subgroups. Quarks interact
strongly and form color triplets, while leptons are color singlets. There are two types of quarks
with respect to the unbroken symmetry; up-type quarks carry electric charge +2/3, while down-
type quarks carry −1/3. Leptons as well come in two; charge leptons have electric charge −1,
while neutrinos carry no electric charge. Moreover, all matter fields come in three generations.
These are exact copies of the gauge group representations with different masses. We refer to
this as flavor.
Parity violation in weak interactions [25] was the major experimental discovery that guided
the formulation of the SM. It was found that the charged weak currents interact only with
left-handed fermions. Thus, in the SM, the left-handed fermions are SU(2)L doublets, while
right-handed fermions are singlets. The chiral nature of the theory prohibits the direct mass term
for the fermions. Therefore, the question of fermion masses in the SM is related to electroweak
symmetry breaking (EWSB) as well.
In Tab. 1.1 we list all the SM fields and their gauge representations. Before we turn the discussion
to the EWSB sector of the SM, we briefly review the structure of the gauge invariant sector
that governs fermion and gauge boson interactions. The Lagrangian is given by
LSMkin =−
1
4
GAµνG
A,µν − 1
4
W IµνW
I,µν − 1
4
BµνB
µν + q¯Liγ
µDqµqL
+ l¯Liγ
µDlµlL + u¯Riγ
µDuµuR + d¯Riγ
µDdµdR + e¯Riγ
µDeµeR,
(1.12)
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Label SU(3)× SU(2)× U(1)
Vectors
GAµ (8, 1, 1)
W Iµ (1,3, 1)
Bµ (1, 1, 1)
Fermions
right-handed
uR (3, 1,
2
3)
dR (3, 1,−13)
eR (1, 1,−1)
left-handed
qL =
(
uL dL
)T
(3,2, 16)
lL =
(
νL eL
)T
(1,2,−12)
Scalars H =
(
H+ H0
)T
(1,2, 12)
Table 1.1: SM field content and representations under SM gauge group.
where index A = 1, . . . , 8 and I = 1, 2, 3. Here, we shortly denote the covariant derivative of a
fermion representation f by Dfµ. For instance, the covariant derivative of the left-handed quark
doublet qL is explicitly given by
(DqµqL)αi = ∂µqLαi − igsGAµ
λAαβ
2
qLβi − igW Iµ
σIij
2
qLαj − ig′Bµ 1
6
qLαi, (1.13)
where λAαβ and σ
I
ij are Gell-Mann and Pauli matrices, respectively. We denote SU(3)C , SU(2)L
and U(1)Y gauge group couplings with gs, g and g
′, respectively. The gauge boson field strength
tensors are defined by
GAµν = ∂µG
A
ν − ∂νGAµ + gsfABCGBµGCν
W Iµν = ∂µW
I
ν − ∂νW Iµ + gIJKW JµWKν
Bµν = ∂µBν − ∂νBµ,
(1.14)
and the first three terms in Eq. 1.12 describe the gauge bosons self-interactions.
Let us now concentrate on the electroweak part of the theory. In particular, the gauge bosons
W Iµ and Bµ, are not the physical states due to EWSB. In the next section, we will explicitly
work out the gauge boson mass spectrum. For now, we specify the unbroken generator of the
symmetry, the electromagnetic charge, to be Q = T 3 + Y . Here, T 3 is the third generator of
SU(2)L and Y is the hypercharge. The combination T
± = T 1 ± iT 2 of the first two generators
of SU(2)L corresponds to the mediator of charged weak currents. The physical W
± is defined
as W±µ =
1√
2
(W 1µ ∓ iW 2µ). Correspondingly, W 3µ and Bµ mix to form the physical Z boson and
the photon. We parametrize the mixing(
Z
A
)
=
(
cos θW − sin θW
sin θW cos θW
)(
W 3
B
)
, (1.15)
where θW is the Weinberg mixing angle. Starting with the covariant derivative of an arbitrary
SU(2)L × U(1)Y representation, and inserting the definition of the physical gauge bosons, we
get
Dµ = ∂µ − i g√
2
(W+µ T
+ +W−µ T
−)− i g
cos θW
Zµ(T
3 −Q sin2 θW )− ieAµQ. (1.16)
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Here, the mixing angle is determined by requiring the known electromagnetic interactions, in
particular, e = g sin θW = g
′ cos θW . The covariant derivative (Eq. 1.16) uniquely determines
the couplings of the electroweak gauge bosons to fermions, once the quantum numbers are
specified. In particular, weak charged currents for a single generation are given by Jµ
W+
=
g√
2
(u¯Lγ
µdL + ν¯Lγ
µeL). On the contrary, the couplings to Z and the photon can compactly be
summarized by the Lagrangian
LZ/A = ef¯γµ(vVf − aVf γ5)fVµ, (1.17)
where vZf = (T
3
fL
− 2Qf sin2 θW )/ sin 2θW and aZf = T 3fL/ sin 2θW for Z boson, and vAf = Qf and
aAf = 0 for the photon.
Precision measurements [26, 27] of gauge boson interactions to fermions have confirmed the
SM gauge group and quantum numbers, i.e., the validity of Lagrangian in Eq. 1.12. However,
the origin of the electroweak symmetry breaking still remains an open question. Answering this
question is the major task under investigation in particle physics. Within the SM, additional col-
orless, weak-doublet, complex scalar field is introduced, with a potential which requires neutral
component of the field to acquire a non-zero VEV. In this way, symmetry is broken and elec-
troweak gauge bosons acquire mass. Fermion masses can be explained by the same mechanism
through Yukawa couplings of the fermions with the scalar doublet. A remnant of the mech-
anism is a physical scalar particle, called the Higgs boson. Interestingly enough, the strength
of the Higgs boson couplings to other particles are proportional to their masses. In this way,
the origin of mass is related to dynamical phenomena, i.e., interactions among particles. In the
next section, we review the SM Higgs mechanism.
1.3 SM Higgs Mechanism
Let us introduce a complex scalar field H within the (1,2, 12) representation of the SM gauge
group [14, 15]. The most general gauge invariant, renormalizable scalar potential is
V (H) = −µ2H†H + λ(H†H)2. (1.18)
The spontaneous symmetry breaking condition is fulfilled if the parameter µ satisfies µ2 > 0.
This is, however, an assumption within the SM. In fact, the common criticisms is that the SM
is rather a parametrization than a explanation of the origin of EWSB. This, however, is not
the case with the supersymmetric extensions of the SM, where the EWSB condition could be
dynamically generated.
Given SSB is taking place, the minimal energy field configuration satisfies the equation
〈
H†H
〉
=
v2
2 , where v =
√
µ2/λ. We choose one of the possible solutions, for instance 〈H〉 = (0, v/√2)T .
The choice is consistent with the previous definition of the unbroken U(1)QED generator, in
particular, the vacuum state is properly annihilated, Q 〈H〉 = 0. In order to interpret the
theory, we consider the fluctuations around the chosen vacuum
H(x) = e
i
v
χa(x)σ
a
2
(
0
v+h(x)√
2
)
. (1.19)
The χa(x) fields do not effect H†H as they correspond to flat directions in the potential
(Eq. 1.18). These are precisely the Goldstone modes needed to insure masses for the W±µ
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and Zµ. As a starting point, let us expand the theory in the unitary gauge, that is, keeping only
physical degrees of freedom. One can fix the gauge by performing the unitary transformation
e−
i
v
χa σ
a
2 H. The scalar potential in the unitary gauge is given by
V (h) =
m2h
2
h2 +
m2h
2v
h3 +
m2h
8v2
h4, (1.20)
where mh =
√
2λv. Thus, as the remnant of the EWSB, the existence of a massive scalar particle
is predicted (commonly called the Higgs boson). Moreover, tree level cubic and quartic self-
interactions are predicted, in particular, gh3 = −3m2h/v and gh4 = −3m2h/v2. The measurement
of Higgs boson self-interactions, although very challenging at present facilities, would be a direct
test of SSB phenomena.
The gauge boson masses arise from the scalar kinetic term after SSB. The Higgs kinetic term
in the unitary gauge is
LHkin = (DµH)†(DµH)
=
1
2
(∂µh)
2 +
1
2
(v + h)2
4
(
g2(W 1µ)
2 + g2(W 2µ)
2 + (−gW 3µ + g′Bµ)2
)
=
1
2
(∂µh)
2 +m2WW
+
µ W
−µ
(
1 +
h
v
)2
+
1
2
m2ZZµZ
µ
(
1 +
h
v
)2
,
(1.21)
where mW = gv/2 and mZ =
√
g2 + g′2v/2. Here, we explicitly show that the gauge boson
mass eigenstates are the ones defined in the previous section.
There are several important points to make here. First, the origin of W± and Z masses is
explained in terms of the EWSB scale and the corresponding gauge coupling constants. Second,
tree level single- and di- Higgs couplings to pair of massive gauge bosons (W+W− and Z2) are
predicted with the strength proportional to the corresponding gauge boson mass, in particular,
ghV 2 = +2g
µνm2V /v and gh2V 2 = +2g
µνm2V /v
2. Furthermore, renormalizable gauge theories
predict ψ2V interaction to fermions, and φ2V 2 interaction to scalars that are not involved in
SSB. Thus, tree level decay of a scalar to a pair of gauge bosons (or scalar s-channel production
by vector fusion), unsuppressed by a new physics scale (or relevant in Wilsonian sense) is a
unique signature of SSB.
Finally, let us review the Yukawa sector of the SM [14]. Interestingly enough, the quantum
numbers of the Higgs doublet are such that the following renormalizable, gauge invariant, in-
teractions (ψ2φ) are possible
LY = −Y uij q¯iLH˜ujR − Y dij q¯iLHdjR − Y eij l¯iLHejR + h.c.
= −vY
u
ij√
2
(
1 +
h
v
)
u¯iLu
j
R −
vY dij√
2
(
1 +
h
v
)
d¯iLd
j
R −
vY eij√
2
(
1 +
h
v
)
e¯iLe
j
R + h.c..
(1.22)
Here, the complex conjugate Higgs representation is defined as H˜ = iσ2H
∗. Flavor indices i
and j run over three fermion generations and Y u, Y d and Y e are arbitrary complex matrices.
Once the Higgs field obtains a VEV, the fermion mass matrix is generated. Diagonalization of
the mass matrices is performed via bi-unitary rotations in the flavor space. Moreover, Higgs
couplings are predicted to be diagonal and non-universal in the fermion mass basis. That is,
there are no tree level Higgs flavor violating interactions and flavor conserving interactions are
generation dependent. More specifically, Higgs coupling to a pair of fermions is proportional to
the fermion mass, i.e. ghf2 = −mf/v.
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The Yukawa sector is of special importance, since the Yukawa matrices are the only source of
flavor breaking in the SM. We pay special attention to this in the next section.
1.4 SM Flavor Picture
There are four types of particles with respect to unbroken SU(3)C×U(1)Y gauge group; up-type
quarks, down-type quarks, charged leptons and neutrinos, and all of these come in three fla-
vors. Flavor physics, the study of flavor changing processes, is experimentally a well-developed
discipline within particle physics. Accumulated experimental knowledge so far suggests that
the SM picture of flavor is at work [28–30]. That is, tree level flavor changing processes can
only occur in weak charged currents and are parametrized by the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. However, the theoretical understanding of flavor physics is still unsatisfactory.
Firstly, most of the free parameters of the SM are related to flavor physics. Furthermore, most
of the flavor parameters are surprisingly small and hierarchical, for which SM does not provide
any explanation. This is usually called the SM flavor puzzle, which might be a hint for a the-
ory of flavor beyond the SM. Secondly, while collider experiments confirm Kobayashi-Maskawa
mechanism of CP violation [31], the measured asymmetry between matter and antimatter in
the Universe suggest that there must exist new sources of CP violation beyond the SM. Thirdly,
flavor changing neutral current (FCNC) processes suggest that if new physics is at the TeV scale,
its flavor structure is either hierarchical or extremely aligned with the SM mass basis [33]. This
is called the new physics flavor puzzle, and it puts the new physics at the TeV scale paradigm
under scrutiny.
Flavor puzzles are possibly connected to electroweak symmetry breaking, for example, the only
source of flavor breaking in the SM are the Yukawa interactions. Therefore, Higgs boson discov-
ery offers an interesting new venue to address flavor puzzles. In particular, Higgs phenomenology
offers a direct probe of the Yukawa couplings and could possibly shed new light on the under-
lying flavor structures. Particularly interesting would be to probe possible deviations in flavor
diagonal Higgs interactions, or to establish the existence of anomalous flavor violating Higgs
interactions.
The Standard Model Lagrangian, barring the Yukawa sector, has a global symmetry
G|Y u,d,e=0 = U(3)q × U(3)u × U(3)d × U(3)l × U(3)e, (1.23)
where each of the SM matter representations (qiL, u
i
R, d
i
R, l
i
L and e
i
R with i = 1, 2, 3) transforms
as a triplet under the corresponding U(3) subgroup. In particular, the transformation laws are:
qL → VqqL, uR → VuuR, dR → VddR, lL → VllL and eR → VeeR, where Vf are 3 × 3 unitary
matrices. Yukawa interactions break the global symmetry to U(1)B × U(1)e × U(1)µ × U(1)τ .
Here, baryon number (B) and lepton number, for each generation separately, is conserved1.
It is often useful to think of Yukawa matrices as spurion fields that transform under G in the
following representations; Y u ∼ (3, 3¯, 1, 1, 1), Y d ∼ (3, 1, 3¯, 1, 1) and Y e ∼ (1, 1, 1, 3, 3¯). In this
way, the SM Lagrangian is formally invariant under G and symmetry breaking occurs when
spurion fields acquire non-zero values. In other words, Yukawa matrices are the only source of
flavor breaking in the SM.
Let us count the flavor parameters in the SM model using the spurion formalism. In the quark
sector, there are two 3× 3 Yukawa matrices, Y u and Y d, that each have 9 real and 9 imaginary
1Neutrinos are predicted to be massless in the SM. This is, however, in contradiction with neutrino oscillation
experiments, which require BSM physics to explain the origin of neutrino mass.
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parameters. One can use flavor basis transformations, Y u → VqY uV †u and Y d → VqY dV †d ,
to redefine the Yukawa matrices. Since physical observables do not depend on the choice of
basis, unitary transformations can be used to eliminate unphysical parameter in the Yukawa
matrices. In particular, each unitary transformation has 3 real parameters, corresponding to
SO(3) subgroup rotations, and 6 imaginary phases. Thus, using three unitary transformations,
9 real parameters can be removed out of 18, leaving 9 real physical parameters. As we will see
below, these correspond to six quark masses and three CKM mixing angles. On the other hand,
three unitary transformations have 18 phases. Due to a conserved U(1)B, only 17 phases can
be used to remove unphysical imaginary parameters in the Yukawa matrices. In the end, we are
left with the single physical phase. This is the famous Kobayashi-Maskawa phase that is the
only source of CP violation in the SM. Similar arguments can be made for the lepton sector,
which has three real parameters, corresponding to charged fermion masses, and no phases.
Let us work out the transformation to mass basis explicitly. Recalling the Eq. 1.22, fermion
mass terms are generated after Higgs field acquires non-zero VEV. Bi-unitary transformations
can be used to diagonalize the Yukawa matrices, for instance, VquY
uV †u =
√
2
v diag(mu,mc,mt).
Thus, one has to perform 6 unitary flavor transformations (three types of charged fermions with
both chiralities) in all the sectors of the SM Lagrangian. It is easy to show that after the change
of basis, unitary transformations only appear in weak charged current interactions in the quark
sector
LqW =
g√
2
V CKMij u¯
i
Lγ
µdjLW
+
µ + h.c.. (1.24)
Here, V CKM = VquV
†
qd is the famous CKM mixing matrix [31, 32]. In general, the CKM is 3×3
unitary matrix, with 3 real angles and 6 imaginary phases. However, using vectorial quark field
redefinitions, ui, di → eiθui,diui, di, five phases can be removed (one phase can not be removed
due to a conserved baryon current). Therefore, the physical parameters in the CKM matrix are
three mixing angles and one phase.
Tu sum up, flavor conversions in the SM are mediated via charged electroweak interactions that
involve left-handed quark fields only and proceed via three CKM mixing angles. In particular,
there are no tree level flavor changing neutral currents in the SM. Furthermore, all the CP
violating observables are correlated through a single CP violating parameter.
Chapter 2
SM Higgs boson – The
phenomenological profile
Prior to Higgs boson discovery, Higgs mass was the only unknown parameter in the SM. Theoret-
ical constraints from vacuum stability, triviality and unitary [35] and experimental constraints
from LEP [36] and Tevatron [37] left a vast range of the mass parameter unconstrained. The
properties of the SM Higgs boson crucially depend on its mass, and the study was exhaustively
conducted in the literature throughout the interesting mass range. We refer to [35] for a con-
cise review. In the following we concentrate on the predictions for mh = 125.6 ± 0.4 GeV,
which is our weighted average of the recently reported measurements by ATLAS and CMS
collaborations [60, 74].
Fortunately, the observed mass is such that very rich phenomenology is predicted, with many
decay channels and production mechanisms accessible. Thus feature represents an opportunity
to experimentally study many aspects of Higgs physics, and thus, more efficiently probe the
origin of EWSB. So far, positive signal consistent with the SM predictions is found in five
Higgs decay channels, three bosonic and two fermionic, and three production mechanisms (See
Section 2.3 for details on the existing Higgs searches).
Couplings of the SM Higgs boson are proportional to the masses of the particles, thus, Higgs
boson will have a tendency to decay into the heaviest ones. However, the mass of the Higgs is
found to be below tt¯, ZZ and WW thresholds, making these processes kinematically suppressed.
The dominant decay mode (h→ b¯b) turns out to be suppressed by parametrically small Yukawa
coupling, making Higgs boson a very narrow resonance. This, on one hand, allows many SM
decay modes (even loop induced ones) to be competitive, but also implies great sensitivity to
potential BSM effects, namely, new exotic decays, or modifications of SM decays. Furthermore,
the Higgs boson production from the ordinary light matter is suppressed due to the fact that
the couplings are proportional to the masses. In fact, the dominant production mechanism at
hadron-hadron colliders occurs at quantum (loop) level and is, therefore, potentially sensitive to
hypothetical new physics. Thus, with the current experimental facilities available, Higgs boson
production and decay processes are novel playgrounds to search for the effects of BSM physics.
In Sec. 2.1 and Sec. 2.2 we discuss in length the theoretical understanding of the properties and
interactions of such particle in the SM. In Sec. 2.3 we review the latest status of Higgs boson
searches at Large Hadron Collider (LHC) as presented by the experimental collaborations. In
Sec. 2.4 we describe the method we use to interpret the data as a constraint on new physics
models. In Sec. 2.5 we introduce the Phenomenological Higgs Lagrangian to parametrize slight
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deviations of Higgs properties from the SM. Finally, in Sec. 2.6 we exemplify the usage of a fit
to Higgs data in analyzing a few simplified models.
2.1 Decays
In this section we review Higgs boson decays in the SM. The state of art calculations that include
all known higher order corrections, are performed by the LHC Higgs Cross Section Working
Group and the latest results are reported in [42]. The total decay width in the SM is predicted
to be Γhtot = (4.15±0.16) MeV. In Tab. 2.1 we summarize the results on the SM Higgs branching
ratios together with the corresponding uncertainties, assuming mh = 125.6 GeV. There are two
sources of uncertainties, the missing higher-order corrections and the experimental errors on
the SM input parameters. The theoretical predictions on the SM branching ratios are under
control with the uncertainties being below current experimental precision. The automated
computing tools for Higgs decays exist in the literature, for instance, HDECAY is a Fortran
code which calculates the decay widths and the branching ratios for the Higgs sector of the SM
and MSSM [38], including higher-order effects in the perturbative expansion. eHDECAY is a
modified version that includes the effects of leading higher dimensional operators in the linear
and non-linear realizations of the electroweak symmetry breaking [39].
The Higgs boson decay to pair of fermions h → f¯f is induced at tree level by the Yukawa
coupling, ghf2 = −imf/v. The decay width at leading order is given by
Γ(h→ f¯f) = GFNCmH
4
√
2pi
m2f
√
1− 4m
2
f
m2h
, (2.1)
where the Fermi coupling constant is GF /
√
2 = g2/(8m2W ) = 1/(2v
2) and the number of colors is
NC . Decay to pair of on-shell fermions is kinematically allowed if mh > 2mf , thus, the dominant
modes for mh = 125.6 GeV are h→ b¯b and h→ τ+τ−, for which significant evidence is already
provided at the LHC (Section 2.3). Potentially interesting decay modes for the future Higgs
searches are decays to second generation, namely, to pair of charm quarks and muons. Higgs
decay to pair of off-shell top quarks is highly suppressed by the kinematics and thus irrelevant.
Description of Higgs decays to quarks at tree level is inaccurate and suffers from large QCD
corrections. Namely, next-to-leading order corrections contain large logarithmic contributions
∼ logmf/mh due to the scale separation between the Higgs mass and the quark mass. Using
the running quark masses in the MS scheme at the scale of the Higgs mass, the logarithms are
resummed to all orders in the strong coupling constant. For instance, bottom quark mass in
the MS at Higgs mass scale is by factor ∼ 1.5 less than its pole mass, which reduces the decay
width significantly compared to the leading order result. The dominant higher order corrections
are captured by the Born level decay width for the Yukawa coupling given by the fermion mass
in MS scheme at the Higgs mass scale divided by the VEV and differ only ∼ 20% with respect
to state of art calculations [35]. The dominant uncertainties come from the limited knowledge
on the value of strong coupling constant and quark masses.
Higgs decays to massive gauge bosons, h → WW ∗ and h → ZZ∗, are induced at tree level
via the coupling ghV 2 = +2g
µνm2V /v. Since the Higgs mass is greater than mW and mZ and
below the threshold for pair production, the process is a three-body decay h → V V ∗ → V f¯f .
However, four-body description is needed in precision studies, especially for ZZ channel. One
can take the advantage of three (four) body kinematics and define several observables that might
probe different aspects of hV V interaction. For instance, the kinematics of h → ZZ → 4` is
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Channel bb¯ WW ∗ gg ττ cc ZZ∗ γγ γZ µµ
BR [%]
56.7 22.4 8.52 6.22 2.86 2.79 0.228 0.159 0.0216
±1.9 ±0.9 ±0.86 ±0.35 ±0.35 ±0.12 ±0.011 ±0.014 ±0.0013
Table 2.1: Higgs boson branching ratios for mh = 125.6 GeV in the SM as reported in CERN
Report 3 [42]. Total decay width is predicted to be Γhtot = (4.15± 0.16) MeV.
exploited by ATLAS and CMS collaborations to determine the spin and parity of the newly
discovered boson [60, 73]. It has been reported that the SM hypothesis with positive parity
scalar is significantly favored over the other options. Moreover, the effects of new physics can
leave the overall h→ 4` rate at the SM level, while showing up in the dilepton mass spectrum
or angular observables [44]. In addition, the light dilepton mass spectrum can be used to probe
the existence of non-standard resonances [43].
Total four-body decay width for h→ V ∗V ∗ → 4f , assuming massless fermions in the final state,
is given by [35]
Γ(h→ V ∗V ∗) = 1
pi2
∫ m2h
0
dq21
mV ΓV
(q21 −m2V )2 +m2V Γ2V
∫ m2h−q21
0
dq22
mV ΓV
(q22 −m2V )2 +m2V Γ2V
Γ0, (2.2)
where q1 and q2 are the invariant masses of the virtual gauge bosons, and mV and ΓV are the
masses and total decay widths, respectively. Here, Γ0 =
δVm
3
h
8piv2
√
λ
(
λ− 12q21q22
m4h
)
where δZ = 1
(δW = 2) and the kinematical factor is λ =
(
1− q21/m2h − q22/m2h
)2− 4q21q22/m4h. The expression
for the four-body decay can be used to reproduce the partial widths of the two- and three-
body decay modes for large enough Higgs masses. It is interesting to note that the decay
width grows fast with the Higgs mass (Γ ∝ m3h). Heavy Higgs would predominantly decay to
longitudinal polarizations, as expected from the Goldstone boson equivalence theorem, while
the observed (light) Higgs decays democratically to all polarization states. The computing tool
employed be LHC Higgs Cross Section Working Group is PROPHECY4F [45] which is a Monte
Carlo event generator for h → WW/ZZ → 4f . It incorporates the complete NLO QCD and
electroweak corrections as well as fine interference effects (for example in h → WW → `ν`ν
with h→ ZZ → ``νν).
Massless gauge bosons do not couple to the Higgs at the tree level, however, a nonzero interaction
is generated via massive colored and/or charged particles running in the loop. Loop induced
Higgs decays (h → gg, h → γγ and h → γZ) are of special importance among all Higgs
processes. In the context of new physics searches, these processes have a potential to uncover
the existence of hypothetical heavy colored and/or charged particles [1, 2]. In some examples,
the effects from the virtual particles do not decouple with the growing mass since the loop mass
suppression is compensated by the Higgs coupling which is proportional to the mass. Thus,
loop induced Higgs decays are sensitive to scales far beyond the Higgs boson mass. In the next
Chapter, we investigate the indirect imprints of hypothetical new colored scalars and vector-like
quarks in these decays, and use the existing data to derive constraints.
Higgs decay to pair of gluons (h→ gg) in the SM is dominated by the top quark loop with the
sub-leading contribution from the bottom quark. The leading order decay width is [35]
Γ(h→ gg) = GFα
2
sm
3
h
36
√
2pi3
∣∣∣∣∣34∑
q
A1/2(τq)
∣∣∣∣∣
2
, (2.3)
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where τq = m
2
h/4m
2
q and A1/2(τq) is a loop function given in the Appendix A. The loop function
exhibits non-decoupling A1/2 → 4/3 when mq → ∞, while it approaches zero in the limit
mq → 0. Top quark contribution to the amplitude is A1/2(τt) = 1.38, which is very close to non-
decoupling limit, while the bottom quark contribution is A1/2(τb) = −0.08 + 0.11i. Loops with
light quarks give negligible contributions. The NLO QCD corrections [46] consist of two loop
virtual corrections, and real emission corrections h → ggg and h → gqq¯. The corrections are
free of ultraviolet singularities, while the infrared and collinear singularities properly cancel in
the sum. The overall NLO QCD corrections to leading order decay width are quite substantial
and enhance the LO result by KNLO ≡ ΓNLO/ΓLO ∼ 1.7. The NNLO QCD corrections [47]
in the heavy top quark limit enhance the overall rate by additional ∼ 20%, showing a good
convergence behavior of the perturbation series.
Higgs decay to pair of photons (h→ γγ) is dominantly mediated by W boson in the loop. There
is, however, a substantial contribution from the top quark loop that interferes destructively with
the dominant contribution. The leading order decay width is [35]
Γ(h→ γγ) = GFα
2m3h
128
√
2pi3
∣∣∣∣∣∣A1(τW ) +
∑
f
NfQ
2
fA1/2(τf )
∣∣∣∣∣∣
2
, (2.4)
where A1(τW ) is a loop function given in the Appendix A. The sum goes over all charged
fermions with charge Qf and number of colors Nf . The contribution from the W boson loop
to the total amplitude is A1(τW ) = −8.34, while the contribution from the top quark loop is
4
3A1/2(τt) = 1.84. The NLO QCD corrections [48] consist of two-loop virtual corrections to the
top quark loop only, since real emission is forbidden by color conservation. The corrections can
be casted as A1/2(τq)NLO = A1/2(τq)LO
(
1 + αspi C(τq)
)
where factor C(τq) → −1 in the heavy
quark limit. Thus, the corrections enhance the rate by few percent. The NLO electroweak
corrections to W boson loop decrease the rate almost canceling the former QCD corrections to
the top quark loop [35].
Higgs decay to Zγ is dominated by W boson loop with a very small contribution from the top
quark loop. If, for instance, the deviation is found in the γγ decay mode, Zγ could be used to
disentangle the new physics hypotheses, since the two are in general correlated. The leading
order decay width is [35]
Γ(h→ Zγ) = G
2
Fm
2
Wαm
3
h
64pi4
(
1− m
2
Z
m2h
)3 ∣∣∣∣∣∣cos θWCH1 (τW , λW ) +
∑
f
NfQfvfCH1/2(τf , λf )
∣∣∣∣∣∣
2
, (2.5)
where λi = 4m
2
i /m
2
Z and τi = 4m
2
i /m
2
h and the corresponding loop functions are given in the
Appendix A. Vectorial Z couplings are defined as vf = (2T
3
f − 4Qf sin2 θW )/ cos θW . The NLO
QCD corrections to top quark amplitude are the same as for h→ γγ.
2.2 Production at LHC
The SM Higgs boson preferentially couples to heavy particles, thus, its production from ordinary
light matter is small. The dominant production at colliders is usually governed by the Higgs
couplings to a pair of massive quarks (mainly the top and, sub-dominantly, the bottom quark)
and massive vector bosons (W or Z). The dominant production mechanisms of the SM Higgs
boson with mh = 125.6 GeV in the proton-proton (pp) collisions at LHC are
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• Gluon-gluon fusion (ggF),
• Massive vector boson fusion (VBF),
• Associated production with a massive vector boson (VH),
• Associated production with a t¯t or b¯b pair (ttH, bbH).
The results by the LHC Higgs Cross Section Working Group on the inclusive cross sections, with
all known higher order corrections included, are presented in Tab. 2.2. The dominant theoretical
uncertainties come from the truncated perturbation series which is estimated from the residual
renormalization and factorization scale dependence and experimental measurements of parton
distribution functions and strong coupling constant.
The gluon-gluon fusion production (gg → h) at leading order is mediated by triangular loops
of heavy quarks with the dominant contribution from the top quark loop. The partonic cross
section at leading order can be expressed in terms of the Higgs decay width to pair of gluons
as [35]
σˆ(gg → h) = pi
2
8mh
Γ(h→ gg)δ(sˆ−m2h), (2.6)
where
√
sˆ is the invariant mass of the gluon pair. Convoluting the parton level cross section
with the appropriate gluonic parton distribution functions (fpg ), the total hadronic cross section
is obtained
σ(pp→ h) = pi
2
8m3h
Γ(h→ gg)× τh
∫ 1
τh
dτ
τ
fpg (τ)f
p
g (
τh
τ
), (2.7)
where τh = m
2
h/s and
√
s is the total c.m. energy of the proton-proton collisions. We calculate
the leading order cross sections at 8 (14) TeV c.m. energy to be 7.1 (20) pb using LO MSTW2008
parton distribution functions [141] with factorization and normalization scales fixed to µF =
µR = mh. The NLO QCD corrections consists of two-loop virtual corrections to gg → h and
one-loop real corrections from gg → hg, gq → hq and qq¯ → hg processes. Ultraviolet and
infrared divergences cancel in the sum and the remaining collinear singularities from the initial
state radiation are reabsorbed into the renormalization of the parton distribution functions.
The overall NLO QCD corrections are at the level of ∼ 70% and are mainly dominated by large
virtual corrections to gg → h and large real corrections from gg → hg [35]. The NNLO QCD
corrections in the 1/mt expansion with soft gluon resummation at NNLL [49] are known and
enhance the overall cross section by additional ∼ 30%. The overall theoretical uncertainties are
estimated to be at the level of ∼ 15% with equal contributions from QCD scale variation and
parametric uncertainties. Very recently, approximate N3LO QCD corrections for Higgs boson
production have become available showing the increase of ∼ 16% in the total rate. [34, 51].
The associated Higgs production with W or Z (qq¯ → V ∗ → V h) is generated via ghV 2 coupling
at the tree level. Here, the off-shell massive gauge boson (V ∗) is produced in the s-channel from
a q¯q pair and decays to an on-shell V and the Higgs. The partonic cross section at leading order
is given by [35]
σˆ(q1q¯2 → hV ) = αm
2
V
36v2
v2q + a
2
q
s(1−m2V /s)2
λ
(
λ2 +
12m2V
s
)
, (2.8)
where the invariant mass of the q1q¯2 pair is
√
sˆ and the kinematical factor is λ2 = 1− 2(m2V +
m2h)/sˆ + (m
2
V −m2h)2/sˆ2. In the case of Zh production, Z couplings to quarks are defined by
Eq. 1.17. The formula above can be used for Wh production, given vf = af = 1/(2
√
2 sin θW )
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(a) (c)
(b) (d)
Figure 2.1: Feynman diagrams for the dominant production mechanism of the SM Higgs
boson at the LHC: (a) Gluon-gluon fusion, (b) Vector boson fusion, (c) Associated production
with the vector boson and (d) Associated production with t¯t.
multiplied with the proper CKM matrix element squared. The hadronic cross section is obtained
after convoluting the partonic cross section with the corresponding pdf-s
σ(pp→ V H) =
∑
q1q¯2
∫ 1
y0
dy σˆ(ys)× 2
∫ 1
y
dx
x
fpq1(x)f
p
q¯2(
y
x
), (2.9)
where the sum runs over the appropriate q1q¯2 pair. We calculate the leading order cross sections
using LO MSTW2008 pdf-s [141] with factorization and renormalization scales fixed to µF =
µR = mh+mV . The cross section for Zh production at 8 (14) TeV c.m. energy is 0.29 (0.64) pb
and the dominant contributions come from u¯u (47%) and d¯d (39%) initial states. Similarly, the
cross section for W+h production is 0.32 (0.68) pb with the dominant contribution from ud¯
(87%). Finally, the cross section for W−h production is 0.18 (0.43) pb with the dominant
contribution from u¯d (81%). The V H production can be viewed as the Drell-Yan production of
a virtual vector boson that decays into a real vector boson and the Higgs. In this manner, the
NLO QCD corrections are simply the corrections to q¯q → V ∗, which consist of virtual corrections
with gluon exchange and real gluon emission. These are the dominant higher order corrections
and enhance the total production by ∼ 30% [35]. At the NNLO QCD level a novel contribution
to Zh production occurs from the gg → Zh process induced at one-loop via triangular and box
diagrams with quarks [50]. The contribution is at the level of ∼ 10%.
The massive vector boson fusion production mechanism (q1q2 → q3q4V ∗V ∗ → hq3q4) is induced
at the tree level via ghV 2 coupling. Here, the internal vector bosons, emitted from the quark
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√
s ggF [pb] VBF [pb] WH [pb] ZH [pb] ttH [pb] bbH [pb]
7 TeV 14.99+14.7%−14.9% 1.214
+2.8%
−2.4% 0.5688
+3.6%
−3.6% 0.3299
+5.7%
−5.7% 0.085
+11.6%
−17.7% 0.159
+19%
−28%
8 TeV 19.09+14.7%−14.7% 1.572
+2.8%
−3.0% 0.6931
+3.4%
−3.4% 0.4091
+5.7%
−5.7% 0.127
+11.9%
−17.4% 0.207
+19%
−30%
14 TeV 49.06+14.7%−14.0% 4.17
+2.8%
−3.0% 1.498
+4.1%
−4.7% 0.9552
+7.5%
−7.4% 0.603
+14.8%
−18.2% 0.573
+19%
−30%
Table 2.2: State of the art predictions for dominant production cross sections of the SM Higgs
boson at the LHC as reported in CERN Report 3 [42]. Theoretical uncertainties from QCD scale
variation and limited knowledge of parton distribution functions and strong coupling constant
are combined linearly. Higgs boson mass of mh = 125.6 GeV is assumed.
legs, fuse to produce the Higgs. The matrix element squared and summed (averaged) over initial
(final) spin and color is [35]
|̂M|2 = 32e
4m4V
v2
c+(p1 · p2)(p3 · p4) + c−(p1 · p4)(p2 · p3)(
2p1 · p3 +m2V
)2 (
2p2 · p4 +m2V
)2 , (2.10)
where p1 and p2 are momenta of incoming quarks and p3 and p4 of outgoing quarks. Vector
boson couplings with quark currents are encoded in c± coefficients given by c± = (v2q1 +a
2
q1)(v
2
q2 +
a2q2)± 4vq1aq1vq2aq2 , where vf and af are the vectorial and axial couplings defined before. The
partonic cross section is obtained after integrating over the three body phase space of the final
state. The hadronic cross section is obtained after convoluting the partonic cross sections with
the appropriate pdf-s. The total cross section at 8 (14) TeV c.m. energy is 1.6 (4.2) pb. The
interference between W+W− and ZZ contributions (for instance in ud → udh) is less than
1% and can be safely neglected. Thus, the contributions from the two can be separated, in
particular, the contribution from the W+W− fusion is about three times larger. This is due
to the fact that the W couplings to fermions are larger. For instance, for the W+W− fusion
c+ = 2.3, while for the ZZ fusion from dd, ud or uu initial states, c+ coupling evaluates to 0.51,
0.34 and 0.24, respectively. The interference with V H production mechanism, where V → q¯q
is also negligible. The NLO QCD corrections to the VBF production consist of the virtual
corrections to the qqV ∗ vertex and quark self energies, the real gluon emission qq → Hqq + g
and the gluon initiated subprocess gg → Hqq + q. These corrections, however, turn out to be
modest, increasing the LO cross sections by 5 to 10% [35].
Interestingly, VBF production has a very rich three-body kinematics with characteristic distri-
butions that can be exploited for discriminating the signal from the background in the experi-
mental searches. In particular, the two quarks in the final state have very large total momentum
(∼ TeV) but rather small transverse momenta (∼ mV ), thus small scattering angles. In addi-
tion, these two forward jets tend to be very well separated in pseudorapidity. On the other hand,
Higgs boson and its decay products tend to be produced in the central region of the detector.
The set of similar requirements is known as VBF-tag and is often used in the experimental
searches (See Section 2.3 for details).
The associated production with heavy quark pair (t¯t or b¯b) is generated at the tree level via
substantial Higgs couplings to heavy quarks. Here, the Higgs boson is emitted from the heavy
quark lines. At lower proton-proton collision energies, q¯q initiated heavy quark pair production
dominates, while at higher energies, when the gluon luminosity becomes important, the gluon
fusion takes over. LO partonic differential cross section is rather involved, one has to calculate
ten diagrams and deal with three massive particles in the final state [52]. Hadronic cross sections
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are obtained after folding the partonic cross sections with the appropriate pdf-s. In these pro-
cesses, the Higgs boson tends to have large pT and be centrally produced. Extremely demanding
NLO QCD corrections [53] have been calculated only recently, facing the major difficulty with
the pentagonal one-loop five-point functions and extraction of the soft and collinear singularities
in the real corrections that involve four particles in the final state. The overall corrections to
pp → htt¯ enhance the LO cross section by ∼ 20% for the choice µf = µr = mt + mh/2. The
total cross section at 8 (14) TeV c.m. energy is 0.13 (0.60) pb at NLO in αs. The dominant
theoretical uncertainties are due to the QCD scale variation ∼ 9% and the limited knowledge
of gluonic pdf-s ∼ 9%.
Although the bottom Yukawa coupling is tiny, b¯bh production is comparable to t¯th, since the
latter exhibits phase space suppression [35]. The total cross section at 8 (14) TeV c.m. energy
is 0.21 (0.57) pb. The NLO QCD corrections to pp → b¯bh are large as a consequence of the
scale separation between mb and mh. Therefore, the dominant theoretical error is due to the
QCD scale variation ∼ 20%. Note that the cross section for b¯bh production is even larger at
8 TeV compared to t¯th. However, t¯th production cross section starts to dominate at 14 TeV
since more phase space becomes available. While t¯th final state is considered an important
discovery mechanism at the LHC, searches for b¯bh final state in the SM are less prospective due
to large QCD backgrounds. However, in some natural extensions of the SM, such as Minimal
Supersymmetric Standard Model (MSSM), bottom Yukawa is easily enhanced, increasing the
importance of such a process.
2.3 Experimental status
Discovery of the new resonance was announced in July 2012 by ATLAS [40] and CMS [41] exper-
iments independently. Since then, the experimental data has been analysed and the properties
of the resonance have been studied in detail. In this section, we present the latest status of the
Higgs boson searches at the LHC as reported by the experimental collaborations. The most
important result is that, within the experimental precision achieved, the resonance exhibits the
properties of the SM Higgs boson.
In particular, there is evidence for five decay modes; WW , ZZ, γγ, bb, ττ with no significant
deviations in signal strengths from the SM predictions.1 The production of the resonance is
consistent with the SM Higgs boson production through gluon-gluon fusion, vector boson fusion,
associated V+h production and tt¯ + h production. Moreover, the searches for non-standard
Higgs bosons properties, such as non-standard decays, are ongoing showing null results so far.
Finally, the measurements of the discrete quantum numbers of the newly discovered resonance
strongly favor the SM positive parity scalar over other considered hypotheses.
However, the current precision allows for BSM effects to take place. In this sense, the LHC
Higgs data will be extensively interpreted throughout this work as a constraint on new physics
scenarios. It is therefore important to review the details of the existing searches as reported by
each experimental collaboration [54, 55].
1The only exception is the ATLAS measurement of h→ γγ decay channel which seems to be slightly enhanced
(∼ 2σ) than expected.
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Figure 2.2: Higgs signal strengths in five decay channels as reported by the CMS collabora-
tion [54].
Figure 2.3: Higgs signal strengths in five decay channels as reported by the ATLAS collabo-
ration [55].
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2.3.1 Higgs searches at CMS
Searches for Higgs boson by the CMS detector [56] have been performed using the data of
5.1 fb−1 at 7 TeV and 19.6 fb−1 at 8 TeV proton-proton c.m. energy. The observation of
the new resonance, consistent with the SM Higgs boson, is based on five decay channels; three
bosonic, h → γγ, h → ZZ → 4`, h → WW → `ν`ν, where ` = e, µ and two fermionic,
h → τ+τ− and h → b¯b. The mass of the resonance is determined from the fit to two channels
with the best resolution, namely, γγ and ZZ. In particular, the CMS collaboration reported
the following value mh = 125.7± 0.3 (stat.)±0.3 (syst.) GeV [57]. Apart from the narrow mass
window around this value, the new resonance with the properties of the SM Higgs boson is
excluded in the mass range from ∼ 110 GeV up to ∼ 800 GeV [60].
Despite the low branching ratio, the h→ γγ decay is one of the most sensitive search channels,
due to clean final state signature [58]. Here, the signal arises as a narrow peak over a smoothly
falling background in the diphoton invariant mass distribution. The dominant SM background
is due to the prompt diphoton production and misidentified jets and it is entirely determined
from the data by fitting to the side-band distributions. In order to disentangle the contributions
from different production mechanisms, the events are further divided into mutually exclusive
classes. For instance, VBF-tagged categories require energetic forward and backward jets, while
VH-tagged categories require a high pT muon or electron or large missing energy. On the other
hand, untagged events require no tagging objects and aim mainly for ggF production. In the
search [58], two independent analyses were conducted (a cut based analysis and a mass-fit-multi-
variate-analysis) showing compatible results. The overall best fit signal strength is found to be
σ/σSM = 0.78 ± 0.27 in agreement with the SM prediction. The current data slightly prefers
the positive scalar hypothesis based on the analysis done in this decay mode [59].
The golden channel in Higgs boson searches is h→ ZZ → 4`. Here, the small branching ratio to
four leptons is compensated by the clean final state topology. In particular, the CMS search [60]
looks for two pairs of same flavor, opposite charge light leptons compatible with the h → ZZ
decay. The signal appears as a narrow resonance in the four-lepton invariant mass distribution.
In addition, rich kinematics of the process, such as, angular distributions and invariant masses
of lepton pairs, are used to further discriminate signal from the background. This is based
on the matrix element likelihood approach which exploits a specific kinematic discriminant.
In order to be sensitive to different production mechanisms, the events are divided according
to the number of jets into two categories. The dominant (irreducible) background is ZZ and
Zγ∗ production and it is estimated using MC simulations. The final results show that the
overall signal strength is 0.93 ± 0.27, which is in a good agreement with the SM prediction.
Furthermore, the information on correlations in angular observables are used to determine the
spin and parity quantum numbers (JP ) of the resonance. The pseudoscalar and all spin one
hypotheses considered, are excluded at a 99.9% or higher CL. All spin two models considered
are excluded at 95% or higher CL. Positive parity scalar not involved in SSB, that couples to
vector bosons through φFµνF
µν operator is excluded at 93% CL.
The CMS search for h → WW decay channel is based on the data which contains two or
three charged leptons [61]. This search has a poor mass resolution, however, the signal yield
is large due to substantial branching ratio to the WW final state. The analysis is performed
in five exclusive categories based on the number of additional jets (0/1 jet or ≥ 2 jets with
VBF or VH tag) or leptons (to tag VH). The WH production is searched in 3`3ν final state
while ZH production is searched in 3`ν + 2 jets with one W decaying hadronically. The most
sensitive category is 2`2ν + 0/1 jet, which is mainly contaminated by ggF production. The
dominant background processes are non-resonant WW production and top-quark production.
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The azimuthal opening angle between the two leptons (which tends to be small in the SM due
to spin conservation), the dilepton invariant mass and the transverse mass of the final state
objects are used to further discriminate signal from background. Combining all categories, the
overall signal strength is found to be 0.72 ± 0.19 with the corresponding significance of 4.3
standard deviations. The Higgs mass is determined to be between 116-132 GeV at 95% CL
assuming overall rate to be SM-like. The kinematics of the final state objects are used to test
0+ spin-parity hypothesis against 2+ and 0−. The SM hypothesis is favored against the later.
Although the h → b¯b decay has the largest branching ratio of all, the search in this final
state suffers from large QCD backgrounds. Hence, the decay is predominantly searched for in
associated production with a W or Z [62], where the W boson decays to eν, µν or τν final
states while the Z boson decays to ee, µµ or νν. The dominant SM backgrounds are W or Z
boson production in association with jets, top-quark production and QCD multijet processes.
The signal consists of the vector boson decaying leptonically and the Higgs boson decaying into
a pair of b-tagged jets. The resolution in the invariant mass of the b-tagged jet pair is ∼ 10%.
Backgrounds are substantially reduced by requiring a large pT vector boson or Higgs boson. In
this regime, vector boson and the Higgs recoil away at large azimuthal opening angle. In order
to make more efficient discrimination between the signal and the background, boosted decision
tree techniques are used in the analysis. Combining all categories, the evidence for h → b¯b
decay is found and the overall signal strength is reported to be 1.0 ± 0.5. The sensitivities in
WH and ZH final states are shown to be comparable. The h→ b¯b decay mode is also searched
for in VBF production mechanism where the signal strength is 0.7± 1.4 [63], as well as in ttH
production mode where the signal strength is found to be 1.0± 2.0 [64].
The CMS search for h → ττ decay [65] is conducted in all six final states involving hadronic
and leptonic tau decays; ee, µµ, τhτh, eµ, µτh and eτh . The events are further categorized
based on the number of additional jets and leptons. In particular, VBF production is enriched
by requiring two energetic forward jets, while VH production is enriched by requiring additional
leptons. The main SM background is Drell-Yan production of the Z boson decaying to pair of
tau leptons. The substantial background contribution also arises from tt¯ production. Events
containing a b-tagged jet are vetoed to reduce this background. Moreover, there is a substantial
contribution from h → WW decay channel to many categories considered. It is treated as a
background in this search assuming the yield as predicted in the SM. Finally, a positive signal
is found with the overall signal strength of 0.78± 0.27 corresponding to 3.2σ significance. The
Higgs boson mass is determined to be 122±7 GeV assuming SM. VBF enriched categories turn
out to be the most sensitive.
The invisible Higgs decay branching ratio in the SM is very small (BSM (h → inv) ∼ 10−3).
However, it is expected to be large in many well-motivated new physics models. Following this
observation, we discuss in Chapter 5 the implications of LHC measurements on “Higgs portal”
models of dark matter. In particular, the invisible Higgs decays at CMS are searched for in VBF
and associated Z+h production, where Z decays to electrons, muons and bottom quarks [66].
The former search benefits from the relatively large VBF cross section in the SM, however,
it suffers from large QCD backgrounds. Using the distinct VBF topology requirements helps
discriminating the signal from the backgrounds. On the other hand, the later search has a
smaller yield, but cleaner final state topology, namely, large missing energy and a reconstructed
Z. Assuming the SM production cross sections and acceptance, and combining the two searches
the observed (estimated) 95% CL upper limit on B(h→ inv) is 0.58 (0.44). The search in VBF
production mode is slightly more restrictive than Z+h search.
The CMS search for h→ Zγ final state is reported in [67]. Here, the events with two opposite
sign same flavor light charged leptons accompanied with the photon are selected. The lepton
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invariant mass is required to be larger than 50 GeV. Kinematic requirements on the `+`−γ
system are imposed in order to reconstruct the Higgs boson. The exclusion limit at 95% CL
on the inclusive σ(pp → h) × B(h → Zγ) normalized to the SM prediction for 126 GeV Higgs
boson is found to be 10.
The search for h → µµ benefits from the clean signature, unfortunately the branching ratio in
the SM is very small. The CMS collaboration reported a search for dimuon final state consistent
with the Higgs boson decay in [68]. The search takes an advantage of the excellent Higgs mass
resolution which is at the level of few GeV. The observed 95% CL limit on the signal strength
with respect to SM prediction is 7.4 with an expected limit of 5.1.
Upper limits on the total Higgs decay width (Γh) from the distributions in γγ and ZZ invariant
masses are of an order of few GeV, that is, three orders of magnitude larger than the SM
predictions. In fact, on-shell Higgs production measurements are unable to determine the total
Higgs decay width more precisely, since the signal rates can remain SM-like while simultaneously
rescaling the total decay width and proper couplings. We illustrate this in Section 2.6 by
fitting a particular BSM scenario to the existing Higgs data. It was proposed in [69] that the
measurements of off-shell Higgs production can set improved limits on the total Higgs decay
width and consequently break the ambiguity in the absolute value of the couplings. Following
the proposal, the CMS collaboration has recently presented a direct constraint on the total
decay width based on the measurements of the off-shell Higgs production and decay to the ZZ
final state [70]. The basic idea behind this measurement is the following; while the on-shell cross
section scales as σon ∼ g2gghg2ZZh/Γh, where gggh and gZZh are the corresponding couplings to a
pair of gluons and Z bosons, the off-shell cross section does not depend on the total decay width,
namely, σoff ∼ g2gghg2ZZh. Measuring the ratio σoff/σon ∼ Γh, effectively measures the total
Higgs decay width. The assumption is that the Higgs couplings at low and high ZZ invariant
masses are correlated in a known way, in particular, no new light particles in gluon-gluon fusion
loops. The total Higgs decay width is measured to be < 4.2 × ΓSM at 95% CL. For a recent
criticism of the robustness of this measurement consider [71].
2.3.2 Higgs searches at ATLAS
Searches for the Higgs boson with the ATLAS detector are performed using the full integrated
luminosity accumulated at 7 and 8 TeV in c.m. proton-proton collisions at the LHC. The most
important results are the discovery of the new resonance in h → WW , h → ZZ and h → γγ
decay channels as well as the evidence for the h→ ττ decay channel. Although the data shows
a slight preference for enhanced h → γγ decay rate, the overall agreement with the SM Higgs
boson hypothesis is good. Reported average measurement of all signal strengths normalized
to SM prediction is 1.30 ± 0.12(stat)+0.14−0.11(sys) [72]. The mass of the resonance is found to be
125.5± 0.2(stat)+0.5−0.6(sys) GeV from combined fit to h→ γγ and h→ 4` [74].
The latest measurements of the Higgs boson production and decays in diboson final states at
ATLAS detector are reported in [74]. In this paper, the Higgs boson has been searched for in
h → γγ, h → ZZ → 4` and h → WW → 2`2ν decay modes. The signal events, including
conventional production mechanisms, such as, gluon-gluon fusion, vector boson fusion, associ-
ated Higgs plus vector boson production and tt¯ plus Higgs production, as well as Higgs boson
decays, are simulated using appropriated Monte Carlo event generators and the predictions are
corrected for the latest state of art theoretical calculations of cross sections and distributions.
The backgrounds are determined using data driven methods only or a combination of data and
MC simulations.
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In the search for the h → γγ decay channel, the signal is found as a peak in the invariant
mass distributions of the two highest energy photons. In order to increase the sensitivity of the
search and to single out the specific production modes, the events are binned into 14 mutually
exclusive categories. The background predictions are obtained from the fits to the diphoton mass
spectrum using suitable fitting functions. The final results show the peak around 126.8 GeV
with the resolution of ∼ 1 GeV. The overall signal strength is found to be slightly enhanced
with respect to the SM prediction, in particular, µγγ = 1.55
+0.33
−0.28.
In the search for the h → ZZ decay channel, the events are required to have two pairs of
same-flavor, opposite-charge, isolated light leptons (electrons and/or muons). The largest SM
background comes from the continuum ZZ∗ and Zγ∗ production which is evaluated using MC
simulation. To enhance the sensitivity to the individual productions, events are binned into one
of three categories, named VBF-like, VH-like, and ggF-like. The peculiar four lepton kinematics
of the decay is exploited in order to increase the sensitivity of the search. Final results show a
clear peak in the 4` invariant mass distribution at 124.3 GeV with the observed significance of
6.6σ and the resolution of ∼ 1 GeV. The discrepancy in the mass measurement in γγ and ZZ
decay modes is found to be at ∼ 2σ level. The overall signal strength is found to be 1.43+0.40−0.35
and it is in a good agreement with the SM prediction.
In the search for the h → WW decay channel, the reconstructed signal topology consists of
two opposite-charge leptons and large missing energy. The dominant SM backgrounds are
WW production and top pair production. In order to control the background contribution
from the top quarks as well as to extract of the signal contributions from the ggF and VBF
production mechanisms, the events are classified by jet multiplicity. Charged lepton kinematics
are employed in order to improve the sensitivity of the search. Final results show a broad
excess in the transverse mass distributions compatible with the SM Higgs boson hypothesis.
The overall signal strength with respect to the SM prediction is found to be 0.99+0.31−0.28.
Studies of the spin and parity quantum numbers [73] of the Higgs boson by the ATLAS collabo-
ration are performed in the h→ γγ, h→ ZZ → 4` and h→WW → 2`2ν decay channels. The
basic idea behind these measurements is that the kinematic distributions of the Higgs decay
products are sensitive to the spin and parity nature of the Higgs boson. The Standard Model
spin–parity hypothesis (JP = 0+) is compared with alternative hypotheses, namely 0−, 1+, 1−
and 2+. It was found that all alternative hypothesis are disfavored at 97.8% or higher CL. Thus,
the data provide evidence for positive parity scalar resonance.
ATLAS search for h→ ττ decay channel is reported in [76]. The events are categorized based
on the τ decays where all leptonic and hadronic modes have been considered. Categorization
based on jet kinematics is adopted, namely, the VBF category requires two forward jets while the
boosted category requires events with a boosted Higgs boson. The most sensitive category has
the VBF-tag and h→ τ`τh decays. The results show an excess of events providing evidence for
the signal with a significance of 4.1σ. The observed signal strength 1.4+0.5−0.4 is compatible with the
SM expectation. The searches for h→ bb¯ decay channel have been performed using associated
Higgs boson production with a W or Z boson where W → `ν, Z → `` and Z → νν [75]. No
significant excess is observed. The measured signal strength is found to be 0.2+0.7−0.6.
The latest search for the invisible Higgs decays by the ATLAS collaboration is presented in [77].
Here, the Higgs boson is assumed to be produced in association with a Z boson. Therefore, the
signal consists of large missing energy and electron or muon pair consistent with the Z boson
decay. The analysis is used to set an upper limit on the ZH production cross section times the
Higgs invisible branching ratio. Assuming the SM production rate, observed (expected) 95%
confidence level upper limit on the Higgs invisible branching ratio is found to be 75% (64%).
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Finally, ATLAS search for h → Zγ, where Z → `` has been conducted using the full 7 and
8 TeV data set. Here, signal is expected to peak in the invariant mass distribution of the three
final-state particles [78]. The observed upper limit at the 95% confidence level is found to be
11 times the Standard Model expectation. Inclusive search for the h → µµ decay has been
performed with the full data set at 8 TeV LHC run [79]. The observed (expected) limit on the
signal yield at the 95% CL is 9.8 (8.2) times the Standard Model prediction.
2.4 Analysis of Higgs data
In the following we explain the method used throughout this work to interpret the LHC Higgs
data in terms of new physics models. Ideally, we want the measurements to be reported in
terms of the signal strengths normalized to the SM predictions
µi(k) =
σ(k)
σSM(k)
Bi
BSMi
, (2.11)
where index i represents a decay mode, while k denotes a production channel. Such observables
could then easily be expressed in terms of new physics parameters. However, the actual ex-
perimental categories are never pure and contain events from different production mechanisms.
Furthermore, in order to fully reconstruct the total likelihood function, it is necessary to know
all the correlations among the different categories, which is available only to the experimental
collaborations. An educated theorist effort along these lines is done for instance in [81].
It has been discussed recently [82] that the existing measurements for a given decay channel
should be presented in terms of two-dimensional likelihoods, in which gluon-gluon fusion (ggF)
and associated production with a top pair (ttH) are combined as one signal (µ(ggF+ttH)), while
vector boson fusion (VBF) and associated production with a gauge boson (VH) as another,
(µ(V BF+V H)). The decomposition is particularly useful since, on one hand, ttH in sub-dominant
with respect to ggF and poorly explored in the present data set, while VBF and VH receive
common corrections in wide class of new physics models obeying the custodial invariance. Fur-
thermore, the correlations are automatically provided by the experimental collaborations for a
given decay channel.
Following the recommendation, ATLAS and CMS have combined different search categories
for a given decay mode to provide separation into production mechanisms. The results are
usually presented in 2D plots in (µ(ggF+ttH), µ(V BF+V H)) plane. In this case, we parametrize
the likelihood with
χ21 =
∑
i
(
µi(ggF+ttH) − µˆi(ggF+ttH)
µi(V BF+V H) − µˆi(V BF+V H)
)T
V −1i
(
µi(ggF+ttH) − µˆi(ggF+ttH)
µi(V BF+V H) − µˆi(V BF+V H)
)
, (2.12)
where the sum goes over the decay channels and the covariance matrices are given by
Vi =
 (σˆi(ggF+ttH))2 ρiσˆi(ggF+ttH)σˆi(V BF+V H)
ρiσˆi(ggF+ttH)σˆ
i
(V BF+V H)
(
σˆi(V BF+V H)
)2
 . (2.13)
We obtain the best-fit values (µˆ), variances (σˆ) and correlations (ρ) from the plots provided by
the experimental collaborations. These are presented in Table 2.3.
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Table 2.3: The LHC Higgs data as used in our fitting procedures. The separation into
production mechanisms for a given decay channel is used if provided. For the details consider
Section 2.4.
Decay channel Production mode Signal strength Correlation & Reference
ATLAS
h→ bb VH 0.2± 0.65 [75]
h→ ZZ∗ ggF+ttH 1.8± 0.65 ρ = −0.72, [74]
VBF+VH −0.2± 3.7
h→WW ∗ ggF+ttH 0.82± 0.37 ρ = −0.15, [72]
VBF+VH 1.74± 0.80
h→ γγ ggF+ttH 1.61± 0.41 ρ = −0.28, [74]
VBF+VH 1.87± 0.80
h→ ττ ggF+ttH 1.5± 1.6 ρ = −0.55, [72]
VBF+VH 1.7± 0.84
h→ invisible VH 0.13± 0.31 [77]
h→ Zγ inclusive 2.0± 4.6 [78]
h→ µµ inclusive 1.6± 4.2 [79]
CMS
h→ bb
VH 1.0± 0.5 [62]
VBF 0.7± 1.4 [63]
ttH 1.0± 2.0 [64]
h→WW ∗ ggF+ttH 0.76± 0.23 ρ = −0.21, [61]
VBF+VH 0.74± 0.62
h→ ZZ∗ ggF+ttH 0.90± 0.45 ρ = −0.69, [60]
VBF+VH 1.7± 2.3
h→ γγ ggF+ttH 0.50± 0.41 ρ = −0.50, [58]
VBF+VH 1.64± 0.88
h→ ττ
0-jet 0.34± 1.09
[65]
1-jet 1.07± 0.46
2-jet (VBF-tag) 0.94± 0.41
VH-tag −0.33± 1.02
h→ invisible VBF+VH 0.14± 0.22 [66]
h→ Zγ inclusive 0.0± 4.8 [67]
h→ µµ inclusive 2.9± 2.8 [68]
If the separation into production modes is not provided, we use the signal strength measurements
from existing search categories. These in general target certain production mechanism, which,
however, does not imply 100% purity. Inclusive categories are dominated by ggF (∼ 90%),
while VBF-tagged categories can have 20% to 50% contamination from ggF. VH- and ttH-
tagged categories are assumed to be pure. In this case, we write
σA→h
σSMA→h
= ξggF
σggF
σSMggF
+ ξV BF
σV BF
σSMV BF
+ ξV H
σV H
σSMVH
+ ξttH
σttH
σSMttH
, (2.14)
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where ξi represent contributions of the specified production mechanisms to the given category.
We do not consider correlations here and add each measurement to total χ2 separately,
χ22 =
∑
j
(
µj − µˆj
σˆj
)2
. (2.15)
We approximate the likelihood for the total Higgs decay width measurement [70] by
χ2Γ =
 ΓhΓSMh − 0.3
1.9
2 . (2.16)
In Tab. 2.3 we finally summarize all the available LHC Higgs data used in our analyses.
The total χ2 function is given by the sum of all the contributions, namely, χ2 = χ21 + χ
2
2 + χ
2
Γ.
In order to confront the new physics model to data, we express all signal strengths (µ) and total
Higgs decay width in terms of model parameters and minimize the χ2 to find the best fit point.
The best fit regions are defined by the appropriate cumulative distribution functions, namely,
68.2% (1σ) best-fit region for one- (two-) parameter fit satisfies χ2 − χ2min < 1.0 (2.3), while
95.5% (2σ) best-fit region satisfies 1.0 (2.3) < χ2 − χ2min < 4.0 (6.2). The other parameters in
the likelihood are treated as nuisance parameters.
2.5 The Phenomenological Higgs Lagrangian
Higgs boson searches so far show no deviations from the SM predictions. However the current
experimental precision leaves room to possible non-standard contributions. It is, therefore,
important to introduce model independent formalism that can account for various modifications
in Higgs properties not very far from the SM predictions.
Here we introduce the Phenomenological Higgs Lagrangian which is a convenient framework for
interpreting the current Higgs searches at the LHC. It is important to stress that the similar
approach is being adopted by the CMS and ATLAS collaborations following the recommendation
from the LHC Higgs cross section group [42]. We assume that there are no new light degrees
of freedom besides the SM ones except for possible new weekly interacting particles that could
influence the invisible Higgs decays only. In the spirit of effective field theories, the effects of
integrating out the heavier states are encoded in the deviations of the Higgs couplings from
their SM values. We employ the following assumptions:
• There is a single scalar resonance with mh = 125.6 GeV which is a singlet under color and
electric charge and has positive parity,
• Tree level Higgs couplings to SM particles have the same tensor structure but arbitrary
normalization,
• Possible new contributions to loop induced Higgs interactions,
• Possible new invisible decays.
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We adopt the following effective Lagrangian
Lh = −ctmt
v
ht¯t− cbmb
v
hb¯b− ccmc
v
hc¯c− cµmµ
v
hµ¯µ− cτmτ
v
hτ¯τ
+ cV
m2Z
v
hZµZ
µ + cV
2m2W
v
hW+µ W
−µ
+ cg
αs
12piv
hGAµνG
A,µν + cγ
α
piv
hAµνA
µν + cγZ
α
piv
hAµνZ
µν
− cShS2,
(2.17)
with ten free parameters; ct, cb, cc, cµ, cτ , cV , cg, cγ , cγZ and cS . We assume only one param-
eter to control the couplings to massive gauge bosons by employing the custodial invariance.
Relaxing this assumption would lead to violent contributions to T -parameter which are severely
constrained by the electroweak precision data [83].
The Phenomenological Lagrangian introduced above is not an EFT expansion but rather a
convenient parametrization of possible deviations in the measured Higgs signal strengths. How-
ever, the framework allows to efficiently describe vast new physics models which, in addition,
introduce constraints and correlations among the free parameters in Eq. 2.17.
Let us now summarize the dependence of Higgs observables on the effective parameters intro-
duced above. The Higgs decay width to fermion pair is given by
Γf¯f
ΓSM
f¯f
= |cf |2, where f = t, b, c, τ, µ. (2.18)
Similarly, the modification of Higgs decay to WW ∗ or ZZ∗ is
ΓV V
ΓSMV V
= |cV |2, (2.19)
where ΓSMV V is the SM decay width for h → V V ∗ decay. We parametrize the modification in
the loop induced Higgs decays as the ratio of the modified decay width with respect to the SM
prediction calculated at LO
Γgg
ΓSMgg
= |cˆg|2, Γγγ
ΓSMγγ
= |cˆγ |2 and ΓγZ
ΓSMγZ
= |cˆγZ |2. (2.20)
Using the formule from Section 2 we find
cˆg = 1.06ct + (−0.06 + i0.09)cb + 1.03cg,
cˆγ = 1.28cV − 0.28ct − 1.23cγ ,
cˆγZ = 1.05cV − 0.05ct − cγZ .
(2.21)
Deviations in loop induced decays come from two sources; by modifying the SM Higgs couplings
ct, cb and cV , or by introducing new contributions in the loop parametrized by cg, cγ and cγZ .
The total decay width is modified accordingly,
Γtot
ΓSMtot
=
∑
i
BSMi ΓiΓSMi
1− δinv , (2.22)
where we take the SM predictions for the branching ratios from Table 2.1. Branching ratio for
new invisible Higgs decays δinv ≡ Γinv/Γtot depends on the parameter cS . Finally, the dominant
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production mechanisms are modified as follows
σggF
σSMggF
= |cˆg|2, σV BF
σSMV BF
=
σV H
σSMVH
= |cV |2 and σttH
σSMttH
= |cˆt|2, (2.23)
The gluon-gluon fusion production (ggF) is proportional to h → gg decay width and thus
scales the same. The other three production mechanisms, namely, vector boson fusion (VBF),
associated production with vector boson (VH) and associated production with the top quark
(ttH) are induced at tree level and scale with the involved coupling. Finally, the Higgs signal
strengths defined as
µi→h→j =
σi→h × Bh→j
σSMi→h × BSMh→j
, (2.24)
can easily be expressed in terms the parameters in effective Lagrangian (Eq. 2.17) by using the
previous relations.
Given that the properties of the new resonance seem to be SM like, it is instructive to show the
dependence of the measured signal strengths on the small deviations from the SM couplings.
We define the deviations in the SM predictions for parameters ci as
δci = ci − 1 for i = t, b, c, µ, τ, V,
δci = ci for i = g, γ, γZ, cS .
(2.25)
Expanding the signal strengths in small δci and keeping the linear terms only, we get
µgF (h→ V V ∗) = 1 + 1.9cg + 1.5δcV + 1.9δct − 1.2δcb − 1.0δinv,
µvF (h→ V V ∗) = 1− 0.2cg + 3.5δcV − 0.2δct − 1.1δcb − 1.0δinv,
µgF (h→ γγ) = 1 + 1.9cg + 2.1δcV + 1.4δct − 1.2δcb − 1.0δinv − 2.5cγ ,
µvF (h→ γγ) = 1− 0.2cg + 4.1δcV − 0.7δct − 1.1δcb − 1.0δinv − 2.5cγ ,
µgF (h→ b¯b) = 1 + 1.9cg − 0.5δcV + 1.9δct + 0.8δcb − 1.0δinv,
µvF (h→ b¯b) = 1− 0.2cg + 1.5δcV − 0.2δct + 0.9δcb − 1.0δinv,
µgF (h→ τ+τ−) = 1 + 1.9cg − 0.5δcV + 1.9δct − 1.2δcb − 1.0δinv − 1.9δcτ ,
µvF (h→ τ+τ−) = 1− 0.2cg + 1.5δcV − 0.2δct − 1.1δcb − 1.0δinv + 1.9δcτ .
(2.26)
Here, gF stands for the gluon-gluon fusion production mechanism, while vF stands for the
vector boson fusion or the associated production with the vector boson.
2.6 Higgs data fit – Examples
The Higgs data presented in Table 2.3 is used throughout this work to constrain the new
physics models that alter the SM properties of the Higgs boson. As discussed in Section 2.4, for
a particular new physics model the global likelihood is a function of the signal strength modifiers
which are, in turn, functions of the model parameters. The statistical analysis exploits the global
likelihood to determine the compatibility of model with the data as well as to find the best fit
points and best fit regions in the parameter space. The purpose of this section is to illustrate the
fitting procedure as well as the size of possible deviations in the Higgs boson couplings allowed
by the existing data. Accordingly, we consider the following three case studies.2
2For rather involved list of references performing the Higgs data fits consider [84].
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Figure 2.4: Preferred range at 1σ by the existing LHC Higgs data for the Higgs couplings
modifiers as defined in the Phenomenological Higgs Lagrangian (Eq. 2.17). Single coupling is
allowed to vary in the fit. The measurements agree well with the SM predictions.
In the first example we find the allowed range for the parameters ci from the effective Higgs
Lagrangian (Eq. 2.17). In this example, we allow only single parameter to float in the fit while
fixing other parameter to their SM values. We show that the Higgs data already provides good
measurements of the Higgs boson couplings under this assumption.
Going beyond the simplified one parameter fit is illustrated in the second and third example. In
particular, we consider a scenario where all the Higgs boson couplings to SM fields are rescaled
by a common factor. In addition, we allow for exotic Higgs invisible (or additional unobservable)
decays. In this simple example, all the Higgs signal rates could remain SM-like along a specific
flat direction in the parameter space. This supports the claim that the signal strengths measure
the ratios of the couplings rather than absolute values. However, the recent CMS measurement
of the total Higgs decay width finally breaks the ambiguity and puts the upper limit on the
scaling factor.
In the final example we consider arbitrary new physics contributions to loop induced h → γγ
and h → gg decay channels. Using the existing Higgs data, we find the allowed parameter
region in cg and cγ plane and illustrate how the constraints relax if exotic Higgs invisible (or
additional unobservable) decays are present. We also set upper limits on these Higgs decays.
2.6.1 The couplings
We use the existing Higgs data (Table 2.3) to measure the Higgs boson couplings as defined
in the Phenomenological Higgs Lagrangian (Eq. 2.17). As a simplification, we allow only one
coupling at the time (ci) to vary while fixing all the others to their SM values. Thus, the
global likelihood is a function of a single parameter (χ2(ci)). We find the best fit value by
minimizing the global χ2 with respect to ci as well as the 1σ allowed range by solving the
inequality χ2 − χ2min < 1.
The results of our analysis are presented in Fig. 2.4. The SM predictions are within 1σ allowed
range for all the couplings considered. While the data is in a remarkable agreement with the
SM (clear correlation between mass of the particle and its coupling to Higgs boson spanning two
orders of magnitude is observed), there is still room for the effects beyond the SM. Therefore,
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future precision measurements of the couplings will play a key role in searches for new physics.
The projected Higgs boson coupling measurements at HL-LHC with 3000 fb−1 of data assuming
no deviations from the SM expectation are reported in [80].
Interestingly, the present constraints on the top Yukawa coupling come from the measurements
of the gluon-gluon fusion production mechanism. The direct measurement would constitute the
observation of the ttH production mechanism. In particular, allowing for arbitrary cg and ct in
the fit, the combination cg+ct (which contributes to ggF) is measured well. This, however, does
not hold for the individual couplings. In the following, we exemplify further how constraints on
the Higgs couplings are lifted once more parameters are allowed to float in the fit.
2.6.2 Mixed in scalar singlet
We consider a scenario in which all tree level Higgs boson couplings to SM particles are rescaled
by the common factor κ. Such a scenario can occur, for instance, if the standard Higgs sector
is enlarged by an extra scalar field φ that is a singlet under SM gauge group. If the SM scalar
potential contains a sizable mixing term of the form φH†H, the neutral scalar from the Higgs
doublet would mix with the φ field leading to two physical states that have the couplings as
the SM Higgs boson but rescaled by cos θ (or sin θ) where θ is the mixing angle. The newly
discovered resonance (h) is one of the two neutral scalars.
In addition to this, we allow for a non-standard invisible decay of the scalar h. This scenario
might occur, for instance, in the context of “Higgs portal” dark matter where the dark matter
candidate is lighter than mh/2.
3
Therefore, the scenario considered has two independent parameters that impact the Higgs boson
properties as measured at the LHC, namely, a common scaling factor κ and Higgs invisible
branching ratio δ. The total decay width of the Higgs boson with respect to SM prediction is
given by
Γtot
ΓSMtot
=
κ2
1− δ . (2.27)
On the other hand, the Higgs signal strength modifiers are given by
µji = κ
2(1− δ), (2.28)
where i and j represent Higgs boson production mechanism and decay mode, respectively. The
rate for the direct ATLAS and CMS measurements of the invisible branching ratio is then
σ
σSM
B(h→ inv) = κ2δ. (2.29)
We finally express the global likelihood function in terms of the two parameters considered. We
minimized the global χ2 to find the best fit point (κ, δ) = (1.05, 0.1). The best fit regions in
(κ, δ) plane at 1σ (2σ) confidence level are shown in dark gray (light gray) in Fig. 2.5. The
SM predictions correspond to the point (κ, δ) = (1, 0) which belongs to 1σ best fit region. A
strong positive correlation is observed among κ and δ as suggested by the expression for the
Higgs signal strengths which are observed to be SM-like. After profiling over δ we get the 1σ
allowed range for κ to be κ = 1.05 ± 0.08, while fixing δ = 0 we get κ = 1.00 ± 0.05. The
95% CL limit on the invisible Higgs branching ratio after fixing κ to 1 (after profiling over κ)
is B(h→ inv) < 0.20 (B(h→ inv) < 0.32). In the same figure we show the results from the fit
3For details see Chapter 5.
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Figure 2.5: The constraints from the existing LHC Higgs data imposed on the model with
common scaling of SM Higgs couplings κ and arbitrary invisible decays. Dark gray (light gray)
show 68% (95%) CL allowed region in (κ, δ) plane by the Higgs data fit. The red curves show
the same constraints when the direct ATLAS and CMS searches for the invisible decays are
excluded from the fit.
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Figure 2.6: The constraints in the (Γh→gg/ΓSMh→gg,Γh→γγ/Γ
SM
h→γγ) plane from the existing
LHC Higgs data. In dark (light) gray we show 1σ (2σ) preferred region when only cg and cγ
are allowed to take nonstandard values. For details see text below.
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while excluding the direct measurements of the invisible Higgs decays. The 1σ best fit region
is shown in red dashed, while 2σ best fit region is show in red solid. As expected, the later
constraints are less stringent but apply for any additional Higgs decays. It is, however, worth
noticing that the constraints completely go away if the measurement of the total decay width is
excluded. The Higgs signal strengths can be fixed to their SM values by satisfying the relation
κ2(1 − δ) = 1, thus, the measurement of the total decay width is crucial to set a limit on the
absolute value of κ. The 95% CL limit on the branching ratio to additional exotic decays after
profiling over κ is B(h→ inv) < 0.51.
2.6.3 New physics in loops
Loop induced Higgs decays and production are sensitive to new colored and (or) charged particles
that couple to the Higgs boson. These are in general large contributions, thus, the existing Higgs
data already provides nontrivial constraints. In Chapter 3 we systematically study the impact
of colored scalars and vector-like quarks on loop induced Higgs processes.
As a first step, we allow for arbitrary values of cg and cγ as defined in the Phenomenological
Higgs Lagrangian (Eq. 2.17), while fixing all the other couplings to their SM values. The main
impacts are:
• arbitrary modification of h→ γγ decay width,
• arbitrary modification of the gluon-gluon fusion production cross section,
• minor modification of the total decay width due to the h→ gg process.
We define the global χ2 in terms of the two parameters and minimize it to find the best point
and the best fit regions as described in the Section 2.4. We present the results of our analysis
in (Rgg, Rγγ) ≡ (Γh→gg/ΓSMh→gg,Γh→γγ/ΓSMh→γγ) plane in Fig. 2.6. Preferred region at 1σ and 2σ
is shown in dark and light grey, respectively. Profiling over one parameter, we find 1σ preferred
range for the other parameter, namely, cg = −0.05± 0.08 and cγ = −0.1± 0.1.
In addition, we perform a three parameter fit, in which we allow for arbitrary invisible Higgs
decays (δ) along with cg and cγ . The results of the fit, after profiling over δ are shown in red-
dashed (red-solid) at 1σ (2σ) CL in the Fig. 2.6. After profiling over two parameters, we find
the 1σ preferred region for the third, namely, cg = −0.01 ± 0.12, cγ = −0.1 ± 0.1 and δ < 0.2.
We repeat the same analysis after excluding direct measurements of the invisible Higgs decays
from the data. The results are presented in blue-dashed (blue-solid) at 1σ (2σ) CL in the same
figure. The former results apply for arbitrary additional Higgs decays.
We observe that the constraints on cg are partially lifted by allowing for additional Higgs
decays. This is expected as the enhancement in the total decay width is compensated by the
enhancement in the dominant production mechanism. In this case it is important to measure
other production mechanisms, such as, VBF and VH.
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Higgs probing new colored states
3.1 Colored scalars
The existence of new colored scalars is implied in many well-motivated new physics models.
For instance, they are inherent to any supersymmetric extension of the SM or any theory of
matter unification. On the other hand, some colored scalars can couple directly to matter fields
which makes them very appealing candidates for collider physics and precision flavor studies.
Numerous studies involving colored scalars in different contexts have been conducted in the
literature. Some of the phenomenological studies consider colored scalars as explanations of
the enhanced forward-backward asymmetry in tt¯ production as measured in proton-antiproton
collisions at Tevatron [85], the enhanced branching ratio in B → D∗τν decay [86] as well as the
(g − 2)µ anomaly [87]. More theoretical studies, for example, employ colored scalars in order
to induce tiny neutrino masses through loop effects [89] or the establish a link between collider
and Planck scale physics via proton decay [88].
New scalar particles in SM extensions generically couple to the Higgs boson through the scalar
potential. Prior to EWSB, the scalar potential contains gauge invariant marginal operators of
the form Φ†ΦH†H, where H is the SM Higgs doublet and Φ is the new scalar weak (and/or
color) multiplet. After EWSB the so-called “Higgs portal” operators induce corrections to the
masses of weak Φ components (Φi) as well as the couplings to the physical Higgs boson of the
form Φ†iΦih. The presence of such interactions can affect loop induced Higgs production and
decay processes. With the recent Higgs boson measurements at the LHC, such interactions could
finally be probed. Having this in mind, in reference [1] we studied the impact of colored scalars
in loop-induced production and decays of the Higgs boson through interactions of the form
Φ†ΦH†H. In particular, we considered colored scalar representations with direct couplings to
the SM matter fields that could play an interesting role in other collider and flavor observables.
In this work, we update the analysis of [1] using the latest available Higgs data in order to
constrain the relevant parameter space. We then provide the predictions for correlated effects
in h→ Zγ decay in accordance with the preferred parameter space from the fit.
On the other hand, in order to leave visible imprints in physical observables, colored scalars are
required to have masses around the TeV scale. Interestingly enough, in Grand Unified Theory
(GUT) settings light colored scalars are used to improve unification of gauge couplings [90–
99]. It this way correlation between the colored scalar mass scale and observable proton decay
signatures can be made, which in turn predicts colored scalars to be light in some minimal
models. In reference [1], we also showed how particular light colored scalar states appear in
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simple scenarios of matter unification. In particular, we studied gauge coupling unification in
two full-fledged models based on the SU(5) gauge group and demonstrated that the lightness of
certain colored scalar state is required from the present constraints on observable proton decay
signatures.
3.1.1 Loop induced Higgs processes with colored scalars
Colored scalar fields coupled to the SM Higgs doublet through the Φ†ΦH†H operator can
substantially modify Higgs production and decay properties. In particular, the dominant impact
is on the loop-induced processes such as gg → h, h→ γZ and h→ γγ, while tree level production
and decays remain unaltered.
The contribution of a single colored scalar representation (Φ) to loop induced processes can be
parametrized in terms of the relevant couplings and masses of the weak components Φi of the
multiplet. We make further simplifications here, namely, we assume different weak components
to be degenerate. This is justified by stringent experimental constraints on the ρ parameter
requiring an approximate custodial symmetry to be active in the scalar potential (c.f. [102]). In
this approximation, the Higgs portal interactions can be written as
L 3 −λΦ(Φ†iaΦia)(H†jHj) = −λφmWΦ†iaΦiah+ . . . , (3.1)
where the sum over weak (i, j) and color (a) indices is shown explicitly. In other words, we
parametrize the effects of such interactions in terms of two parameters only; the coupling con-
stant λφ and the common mass of weak components mφ. Here, the following relation holds
λΦv = λφmW , where v is the electroweak condensate.
The partial decay width for the h → γγ in the presence of single colored scalar representation
Φ with interaction to the Higgs boson described by Eq. 3.1 is [100, 101]
Γh→γγ =
GFα
2m3h
128
√
2pi3
∣∣∣∣∣A1(xW ) + 43A1/2(xt) +∑
i
λφ
gw
m2W
m2φ
d(rΦ)Q
2
ΦiA0(xφ)
∣∣∣∣∣
2
, (3.2)
where the sum is taken over all weak components of the SU(2)L multiplet and d(rΦ) and QΦi are
the dimension of the color representation of Φ, and the electric charges of weak Φi components,
respectively. Also, GF is the Fermi coupling constant, gw = e/ sin θW is the SU(2)L gauge
group coupling constant, θW is the Weinberg mixing angle, α = e
2/(4pi) is the fine structure
constant and xi = m
2
h/(4m
2
i ) for i = W, t, φ. The relevant one-loop functions are given in the
Appendix A. The first two terms in Eq. (3.2) represent the SM contribution that consists of
the dominant W boson loop interfering destructively with the sub-dominant top quark loop.
The numerical values of the relevant loop functions are A1(xW ) = −8.3, A1/2(xt) = 1.4 and
A0(xi → 0) → 1/3. Thus, the modified h → γγ decay width, normalized to the SM prediction
is given by
Γh→γγ
ΓSMh→γγ
= |cˆγ |2, where cˆγ = 1− 0.051λφ
gw
m2W
m2φ
d(rΦ)
∑
i
Q2Φi . (3.3)
Analogously, the gluon-gluon fusion production mechanism is affected by the presence of colored
scalar representation Φ that couples to the Higgs boson through Eq. 3.1. The parton level gg → h
cross section at partonic c.m. energy
√
sˆ reads [100, 101]
σˆgg→h = σ0m2hδ(sˆ−m2h), (3.4)
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where
σ0 =
Gµα
2
s
128
√
2pi
∣∣∣∣∣12A1/2(xt) +∑
i
λφ
gw
m2W
m2φ
C(rΦ)A0(xφ)
∣∣∣∣∣
2
. (3.5)
Here, αs is the strong coupling constant and C(rΦ) is the index of color representation rΦ of
Φ. We consider only triplet (C(3) = 1/2), sextet (C(6) = 5/2) and octet (C(8) = 3) color
representations since these can couple directly with the SM matter fields and thus lead to other
interesting phenomena.1 The modified gluon-gluon fusion production cross section normalized
to the SM prediction is
σggF
σSMggF
= |cˆg|2, where cˆg = 1 + 0.48λφ
gw
m2W
m2φ
NΦiC(rΦ). (3.6)
Here, NΦi is the number of Φi components in the weak multiplet Φ. We consider heavy enough
colored scalars such that the loop function A0 is in the decoupling limit, in particular, A0(xi →
0)→ 1/3.
Combining Eq. (3.11) with Eq. (3.6) we get
cˆg = 1− 9.4(cˆγ − 1) NΦiC(rΦ)
d(rΦ)
∑
i
Q2Φi
. (3.7)
To sum up, a colored scalar representation, coupled to the Higgs boson through the Higgs portal
operator, induces correlated effects in h → γγ and ggF. The correlation depends only on the
quantum numbers of the scalar. The correlated effects occur also in other relevant loop induced
Higgs processes such as h → Zγ. In principle, combining various Higgs measurements allows
for disentangling among different hypotheses.
3.1.2 The implications of existing Higgs data
We consider a single colored scalar representation Φ with degenerate weak multiplet (mφ) and
coupling to the Higgs boson (λΦ) as defined by Eq. 3.1. We express all the Higgs signal strengths
in terms of these two parameters and use the existing LHC Higgs data to find the preferred
parameter region. For the details on the statistical treatment of the Higgs data refer to Sec-
tion 2.4.
The total likelihood is a function of the single combination of the parameters, namely, the ratio
of λφ and m
2
φ. Using the existing Higgs data, we find preferred range for λΦ(v/mφ)
2 at 95%
CL for various colored scalar representations. The results are presented in Table 3.1. As a
further illustration, we show the correlation curves induced by the colored scalar representa-
tions in (Rgg ≡ Γh→gg/ΓSMh→gg, Rγγ ≡ Γh→γγ/ΓSMh→γγ) plane in Figure 3.1. In order to visualise
the constraints from the LHC Higgs data, we superimpose the allowed parameter region in
(Rgg, Rγγ) plane at 68% (dark grey) and 95% (light grey) CL. In this case we assume arbitrary
modifications of cg and cγ .
In the following we discuss two different regions of parameter space consistent with the existing
Higgs data. In particular, the decoupling limit to the SM (λΦ → 0 and (or) mφ → ∞) is
compatible with the data. The constraints are mainly driven by the ggF production mechanism
1These are the only color representations of colored scalar (S) that can couple to SM fermion bilinears (ψ¯ψ)
through the Sψ¯ψ term.
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SU(3)C × SU(2)L × U(1)Y λΦ(v/mφ)2
(3,1, 1/3) −0.3± 0.5
(3,1,−2/3) −0.4± 0.6
(3,1,−4/3) −0.7± 0.6
(3,2, 1/6) −0.2± 0.3
(3,2, 7/6) −0.3± 0.3
(3,3,−1/3) −0.2± 0.2
(6,1,−1/3) −0.06± 0.12
(6,1, 2/3) −0.07± 0.12
(6,1,−4/3) −0.09± 0.12
(6,3,−1/3) (−0.02± 0.04) ∪ (−0.95± 0.05)
(8,2, 1/2) (−0.03± 0.05) ∪ (−1.22± 0.04)
Table 3.1: Preferred range for λΦ(v/mφ)
2 at 95% CL by the LHC Higgs data. We consider
only triplet, sextet and octet color representations since these can couple directly with the SM
matter fields.
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Figure 3.1: The preferred region in (Rgg ≡ Γh→gg/ΓSMh→gg, Rγγ ≡ Γh→γγ/ΓSMh→γγ) plane at
68% (95%) CL from the fit to LHC Higgs data is show in dark (light) grey. The correlations
induced by the presence of colored scalars are shown in various curves.
and are more stringent for larger color representation. Assuming λΦ ∼ 1, the data excludes
triplet (octet) colored scalar states with masses up to ∼ 0.4 (∼ 1) TeV. A slight preference for
negative value of the coupling λΦ is observed. This is due to a slight excess in the h→ γγ rate
as measured by the ATLAS collaboration.
Another possibility consistent with the data is to allow for negative and large λφ, so that the
contribution of the scalar loop is twice the contribution of the top quark loop but with an oppo-
site sign. In this case, gluon-gluon fusion production rate remains SM-like. To accomplish this,
we need large C(rΦ) in order to leave λφ coupling perturbative. There are two representations
listed in Table 3.1 that can accomplish the task. These are the color sextet weak triplet with
−1/3 hypercharge (6,3,−1/3) and color octet weak doublet with 1/2 hypercharge (8,2, 1/2).
The allowed parameter space in both cases is narrow, that is, the required value of λφ coupling is
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practically fixed for a given value of mφ and vice versa. It turns out, however, that the masses of
sextet (octet) above 480 GeV (420 GeV) quickly lead to non-perturbative values of the coupling
λΦ >
√
4pi. On the other hand, direct search experiments already put the interesting parameter
space under scrutiny, thus, making the opposite sign solution less viable. As an example, the
ATLAS collaboration has searched for pair-produced massive colored scalars in four-jet final
states excluding scalar gluons in mass range from 100 GeV to 287 GeV [105, 106]. Nevertheless,
the direct search limits are not yet conclusive and dedicated studies for specific colored scalar
representations are required.
We make further comments regarding potential issues related to opposite sign solutions. Namely,
the large λφ couplings could lead to potential problems with vacuum stability as well as pertur-
bativity of the scalar potential. As an illustration, we focus here on the (8,2, 1/2) state with
∼ 300 GeV. A recent study of vacuum stability constraints in the effective theory comprising
of the SM plus (8,2, 1/2) colored scalar [107] has shown that for the given color octet mass,
vacuum (meta)stability constraints can be satisfied, provided a quartic term of the form
L 3 −λ4Φ(Φ†aiΦai)2 , (3.8)
is present and the couplings satisfy λ4Φ & λ2Φ/8λ, where λ is the SM Higgs quartic coupling
λ ≡ 2m2h/v2EW and vEW ' 246 GeV is the electroweak VEV. While for the mass specified above
all involved quartic couplings can be perturbative at the electroweak scale, this is not necessarily
true up to arbitrary high scales (µ). Here, we study the simplified set-up using renormalization
group equations (RGEs) for the two relevant Φ quartics in Eqs. (3.1) and (3.8).2 Considering
also the effects of the top Yukawa (Yt) interaction, we calculate the RGEs for λ, λΦ and λ4Φ at
one loop
16pi2
dλ
d lnµ
= 24λ2 + 16λ2Φ + 12Y
2
t λ − 6Y 4t ,
16pi2
dλΦ
d lnµ
= 4λ2Φ + 12λλΦ + 68λ4ΦλΦ + 6Y
2
t λΦ ,
16pi2
dλ4Φ
d lnµ
= 80λ24Φ + 2λ
2
Φ . (3.9)
The beta function of λ4Φ is always positive and thus drives this coupling to large positive values
at high scales. As an illustration, choosing the coupling λΦ preferred by the fit to the Higgs
data and satisfying the vacuum metastability constraint, λ4Φ develops a Landau pole already at
scales µnonpert. . 10 TeV. One possibility to avoid such a scenario without introducing new light
degrees of freedom is to utilize the couplings of Φ to matter fields. More precisely, couplings to
quarks of the form YqΦQ¯LΦqR can induce negative contributions to the beta functions of λ4Φ
and λΦ proportional to Y
4
qΦ and Y
2
t Y
2
qΦ, respectively. Here, qR and QL refer to right- and left-
handed quark fields, respectively. If large enough, such contributions can, in principle, stabilize
the color octet quartics.
3.1.3 Predictions for h→ Zγ
In the SM, the h → Zγ decay is generated at the loop level in a very similar way as h →
γγ. Being extremely suppressed, this channel has not yet been observed by the experimental
collaborations (see Section 2.3). However, once it is measured, it will constitute a complementary
2For the full list of quartics in the scalar potential involving the (8,2, 1/2) state and the SM Higgs con-
sider [108].
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probe of new physics. Particularly interesting from the new physics point of view is the interplay
of h → γγ and h → Zγ rates, since these two are in general related. The partial decay width
for h→ Zγ including colored scalars contribution is given by [109]
Γh→Zγ =
G2Fm
2
Wα
64pi4
m3h
(
1− m
2
Z
m2h
)3
×∣∣∣∣∣cos θW C1(x−1W , yW ) + 2(1− (8/3) sin2 θW )cos θW C1/2(x−1t , yt) + vEW sin θW2 ∑
i
λφmW gZΦiΦid(rΦ)QΦi
m2φ
C0(x−1φ , yφ)
∣∣∣∣∣
2
,
(3.10)
where yi ≡ 4m2i /m2Z and the coupling of φ to Z boson is given in units of |e|, that is gZΦiΦi =
2(T 3Φi −QΦi sin2 θW )/sin 2θW . Here T 3Φi represents the value of the weak isospin of Φi and in
Eq. (3.10) we sum over all i within the given weak multiplet Φ. The relevant one-loop functions
are defined in Appendix A. The SM contributions to h→ Zγ induced by the W boson and the
top quark are proportional to 5.8 and −0.3, respectively. Clearly, the SM result is dominated
by the W boson contribution.
Using the above relations, we find the deviations in h→ γZ decay width, normalized to the SM
prediction, to be
Γh→γZ
ΓSMh→γZ
= |cˆγZ |2, where cˆγZ = 1 + 0.035λφ
gw
m2W
m2φ
d(rΦ)
∑
i
QΦi(T
3
Φi − 0.23QΦi). (3.11)
For instance, opposite sign solution consistent with the Higgs data for (6,3,−1/3) and (8,2, 1/2)
representations predicts the h→ γZ decay rate to decrease by factor 1.4 and 1.1, respectively.
The correlation in h→ γZ and h→ γγ due to presence of colored scalars is given by
cˆγZ = 1− 0.69(cˆγ − 1)
∑
i
QΦi(T
3
Φi
− 0.23QΦi)∑
i
Q2Φi
. (3.12)
This can, in principle, be used to discriminate among different representation hypotheses.
3.1.4 Light colored scalars from GUT
In this section we show how certain colored scalars are predicted to be light in realistic matter
unification scenarios, which qualifies them as interesting candidates for LHC studies. As an
example we consider the color octet weak doublet scalar representation (8,2, 1/2) which does
not mediate proton decay. The state is of a particular interest since it is the only scalar
representation beside the Higgs doublet that can consistently couple to the SM quarks within
the Minimal flavor Violation framework [108]. Octet production and decay at the LHC and
relevant electroweak constraints as well as more recent constraints from Higgs physics have
been extensively studied in literature, for instance [103, 104, 112–115]. However, the presence
of a light octet state is simply assumed in most of the studies.
Here we discuss two particular matter unification models based on the SU(5) gauge group to cor-
relate the lightness of the color octet weak doublet scalar representation with the constraints on
observable proton decay signatures. In the first model [116], one 5-dimensional (5) and one 45-
dimensional (45) scalar representations are used to accommodate charged fermion masses [117]
while a set of extra fermion fields from one 24-dimensional (24F ) representation [118] is used
to accommodate neutrino masses. In the second model, three scalar representations—5, 15
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Figure 3.2: Viable unification for the model with 5-dimensional and 45-dimensional scalar
representations and an extra set of fermions in 24-dimensional representation in mˆ vs. MGUT
plane at the one-loop level for central values of low-energy observables. Solid lines, going
from top to bottom, correspond to m∆1 = 340 GeV, m∆1 = 500 GeV, m∆1 = 5 TeV and
m∆1 = 50 TeV. Horizontal dashed line is due to the constraint imposed by experimental limit
on partial proton decay lifetime through p→ pi0e+ on m∆1 = 340 GeV case.
and 45—are used to accommodate all fermion masses [91, 92]. The rest of the field content
in these two models is composed of the usual matter representations, and one 24-dimensional
scalar representation (24) that breaks SU(5) gauge group down to SU(3)× SU(2)× U(1).
In the following we show how an upper bound on octet mass is correlated with the observable
partial proton decay lifetimes. We use the latest experimental data on partial proton decays
modes [119, 120], such as p → pi0e+, to demonstrate this correlation. We start by presenting
viable gauge coupling unification in the first model. The details on numerical procedure used to
establish unification of gauge couplings and implementation of proton decay constraints is de-
scribed in Ref. [95]. The scalar fields are denoted as 5 ≡ (ΨD,ΨT ) = (1,2, 1/2)⊕ (3,1,−1/3),
45 ≡ (∆1,∆2,∆3,∆4,∆5,∆6,∆7) = (8,2, 1/2) ⊕ (6,1,−1/3) ⊕ (3,3,−1/3) ⊕ (3,2,−7/6) ⊕
(3,1,−1/3)⊕ (3,1, 4/3)⊕ (1,2, 1/2) and 24 ≡ (Σ8,Σ3,Σ(3,2),Σ(3,2),Σ24) = (8,1, 0)⊕ (1,3, 0)⊕
(3,2,−5/6) ⊕ (3,2, 5/6) ⊕ (1,1, 0). The extra fermions in 24F ≡ (ρ8, ρ3, ρ(3,2), ρ(3¯,2), ρ24) =
(8,1, 0)⊕ (1,3, 0)⊕ (3,2,−5/6)⊕ (3,2, 5/6)⊕ (1,1, 0) are related through a set of mass rela-
tions [116]
mρ8 = mˆmρ3 , mρ(3,2) = mρ(3¯,2) =
(mρ3 +mρ8)
2
, (3.13)
where mˆ is a dimensionless free parameter that accounts for the mass splitting between masses
of ρ8 and ρ3. We accordingly present the results in mˆ vs. MGUT plane where the former repre-
sents the scale of gauge coupling unification (Fig. 3.2). MGUT is maximized through numerical
procedure that varies scalar and fermion masses, in accordance with mass splitting constraints
of Eq. (3.13), in the following ranges: 200 GeV ≤ mΣ3 ,m∆1 ,m∆2 ,m∆4 ,m∆7 ,mρ3 ,mρ8 ,mρ(3,2) ,
mρ(3¯,2) ≤MGUT, 105 GeV≤ mΣ8 ≤MGUT and 1012 GeV ≤ mΨT ,m∆3 ,m∆5 ≤MGUT [118].
Solid lines in Fig. 3.2, going from top to bottom, correspond to m∆1 = 340 GeV, m∆1 =
500 GeV, m∆1 = 5 TeV and m∆1 = 50 TeV. Horizontal dashed line is due to a constraint
imposed by experimental results on proton decay through p → pi0e+ on unification case for
m∆1 = 340 GeV. Note that the difference between constraints on m∆1 = 340 GeV case and
m∆1 = 50 TeV case is practically negligible as it is dominated by the difference in values of
the appropriate unified gauge coupling at the GUT scale for these two cases. To generate
results shown in Fig. 3.2 we update some of input parameters with regard to what is used
in Ref. [95] to produce partial decay width for p → pi0e+. We use αs(mZ) = 0.1184 [123],
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Figure 3.3: Viable unification for the model with 5-, 15- and 45-dimensional scalar representa-
tions in m∆1 vs. MGUT plane at the one-loop level for central values of low-energy observables.
Horizontal dashed line represents a limit due to the constraint imposed by experimental limit
on partial proton decay lifetime through p→ pi0e+.
τp→pi0e+ > 1.3 × 1034 years [119, 120] and αˆ = −0.0112 GeV3 [124]. Here αˆ is the relevant
nucleon matrix element. The predicted proton lifetime for p→ pi0e+ due to gauge mediation is
at most a factor of 5 above the current experimental limit for the m∆1 = 340 GeV case while
the proton lifetime due to scalar mediation is already at the present limit. The GUT scale is
maximized by imposing a lower bound on proton decay mediating scalars, i.e., ΨT , ∆3 and ∆5,
to be 1012 GeV. It has been recently shown [121] that the scalar exchange dominated proton
decay in the models with 5- and 45-dimensional scalar representations with symmetric Yukawa
couplings to matter fields constrains the mass of ΨT through experimental data on p → K+ν¯
channel to be above 1.2 × 1013(100 GeV/v5) and 1.5 × 1011(100 GeV/v5) GeV in the most and
least conservative case, respectively. We use τp→K+ν¯ > 4.0× 1033 years [119], while the VEVs
for 5- and 45-dimensional representations—v5 and v45—satisfy |v5|2/2 + 12|v45|2 = v2EW. This
conclusively shows that 1012 GeV is a reliable lower bound on the mass of proton decay mediating
scalars for one-loop unification considerations.
The most important point is that all unification scenarios below the dashed line in Fig. 3.2 are
excluded by experimental limits on p → pi0e+. The proton decay signature through p → pi0e+
channel is derived assuming that the Yukawa matrices for matter fields are symmetric. This
assumption allows for light ∆6 as it prevents ∆6 to couple to a quark-quark pair [121]. That,
on the other hand, renders ∆6 innocuous as far as proton decay constraints are concerned. The
same assumption removes dependence on unitary redefinitions of quark and lepton fields from
proton decay operators induced through tree-level exchange of heavy gauge bosons. Note that
the mass of ∆6 = (3,1, 4/3) needs to be below 560 GeV if it is to explain the g − 2 anomaly
of muon through perturbative Yukawa couplings [122]. We take it to be m∆6 = 350 GeV to
generate Fig. 3.2. If ∆6 mass is closer to 560 GeV the allowed GUT scale would be slightly
raised with respect to what is shown in Fig. 3.2.
A viable unification scenario for the second model is shown in Fig. 3.3 in a m∆1 vs. MGUT
plane at the one-loop level for central values of low-energy observables. We use 200 GeV≤
mΣ3 ,m∆1 ,m∆2 ,m∆4 ,m∆6 ,m∆7 ,mρ(3,2) ,mρ(3¯,2) ,mΦa ,mΦc ≤MGUT, 1012 GeV≤ mΨT ,m∆3 ,m∆5 ,
mΦb ≤ MGUT, 105 GeV≤ mΣ8 ≤ MGUT, where 15 = (Φa,Φb,Φc) = (1,3, 1) ⊕ (3,2, 1/6) ⊕
(6,1,−2/3). In this case the predicted proton partial lifetime for p→ pi0e+ channel due to gauge
mediation is at most a factor of 26 above the current experimental limit for m∆1 = 300 GeV.
The proton lifetime due to scalar mediation, on the other hand, is at the present limit.
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We finally comment how Higgs portal interactions arise in the models considered above. The
relevant couplings of the octet to the Higgs field h originates from the following set of SU(5)
contractions: λ15
∗
α5
α45βγδ 45
∗ δ
βγ and λ25
∗
α5
β45αδγ 45
∗ γ
βδ . The couplings of the neutral and charged
component of the octet ∆1 to the Higgs, under the assumption that the SM doublet primarily
originates from 5-dimensional representation, are λφ0 = 2λ1 + λ2 and λφ+ = 2λ1, respectively.
Any mixing between the doublets in 5- and 45-dimensional representation can be easily ac-
counted for. To reproduce the setup used in the previous sections where the Higgs data is
confronted with custodial symmetric color octet loops one needs to assume that λ2 is much
smaller than λ1.
3.2 Vector-like Quarks
The electro-weak (EW) hierarchy problem, as exemplified by the extreme UV sensitivity of the
Higgs potential, provides a strong theoretical motivation for contemplating beyond SM physics
at the TeV scale. However, direct searches for on-shell production of new degrees of freedom
at the LHC together with ever more stringent constraints from measurements of flavor, EW
and Higgs observables are starting to directly probe models addressing the naturalness problem
of the SM. At present these experimental null-results are not yet conclusive, but viable new
physics (NP) models’ parameter space is becoming significantly reduced. In light of this, it has
become crucial to focus on the minimal light particle content required to fulfill the naturalness
conditions (see [125] for examples in supersymmetric theories).
For instance, vector-like quarks are expected to be the lightest new degrees of freedom in models
addressing the EW hierarchy problem by treating the light Higgs as a pseudo-goldstone boson
of a global symmetry, broken explicitly by the SM gauging and Yukawa couplings [126, 127].
In such models, the dominant quadratic divergences in one-loop corrections to the Higgs boson
mass coming from the top quark loop are canceled by contributions of dimension five operators
of the form H†HQ¯Q, where H is the Higgs doublet and Q a vector-like quark weak multiplet.
In general, parametrizing single- and double-Higgs interactions of an arbitrary number of quark
flavors f in the mass eigenbasis
Leffh =
(
−yijh+ xij h
2
2v
)
f
i
Lf
j
R + h.c. , (3.14)
where v = (
√
2GF )
−1/2 ' 246 GeV is the EW condensate, the condition for cancelation of
one-loop quadratic divergences from such interactions can be put into the following simple form∑
i
<(xii)mi
v
=
∑
i,j
|yij |2 . (3.15)
The appearance of new operator contributions already at dimension five is a singular feature of
effective theories with new light vector-like fermions and intrinsically connected to the resolution
of the SM hierarchy problem within such scenarios. These dimension five contributions are thus
expected to represent the dominant probe of new dynamics in the UV. At the same time one
should keep in mind that unless the vector-like quarks are related to the SM field content by
a symmetry, such cancelation of quadratic divergences is fine tuned in general. Furthermore,
if one considers the running of the leading vector-like quark operator and the SM couplings,
even if tuned to cancel at one scale, the quadratic divergences will not cancel at other scales.
Thus, the effective theory discussion concerning EW naturalness should be understood under
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the implicit assumption that the relation (3.15) is enforced by symmetry in the UV complete
theory.
Furthermore, even though a (symmetry enforced) relation (3.15) removes the quadratic UV
sensitivity of the Higgs potential, logarithmically divergent contributions remain present in the
effective theory. The biggest resulting shift to the bare Higgs mass (δmh) is now due to the
new heavy quark states with bilinear couplings to the Higgs. Assuming a single such state
(f) cancelling the one-loop quadratically divergent contribution to δmh of the top quark, the
dominant remaining correction is of the form
δm2h ≈
3m2t
4pi2v2
m2f log
Λ2
m2f
, (3.16)
where the result was obtained using a hard UV cut-off of the loop momentum integral and
equating it with the cut-off scale of the effective theory Λ. We immediately observe that allowing
for only moderate fine-tuning (requiring conservatively δm2h/m
2
h . 10) and the effective theory
treatment valid (and thus mf  Λ) requires f to be relatively light (mf . 1 TeV).
Treating the Higgs as a composite field of a strongly interacting theory leads to the appearance
of a number of dimension six operators affecting flavor, EW and Higgs observables (c.f. [128]).
However, in models where the new vector-like quarks (possibly mixing with the chiral quark
multiplets) and the Higgs are the lightest composite remnants of the strongly interacting sector,
the dominant effects are expected from operators involving these fields. It is therefore meaningful
to focus primarily on the leading dimension five contributions.3 It turns out that they can always
be parametrized in a way that preserves the form of gauge interactions of the renormalizable
theory. Therefore the only way to approach and constrain such terms is by studying their impact
on Higgs phenomenology, which is the main topic of the present work.4
3.2.1 Renormalizable models
We consider vector-like quarks with SM gauge representations and charges. The mass matrices
of the up- and down-type quarks in the weak (chiral) eigenbasis
− Lmass = u¯iLMiju ujR + d¯iLMijd djR + h.c. , (3.17)
where the indices i, j run over all dynamical quark flavors (including new vector-like genera-
tions). The mass matrices Mu,d can be diagonalized via bi-unitary rotations as Mu,d,diag =
Uu,dL Mu,dUu,d†R . Consequently, the gauge and Higgs interactions of physical quarks in the mass
eigenbasis can be written in the general form (c.f. [131])
LW = − g√
2
(V Lij u¯
iγµPLd
j + V Rij u¯
iγµPRd
j)W+µ + h.c. , (3.18)
LZ = − g
2cW
(
Xuij u¯
iγµPLu
j −Xdij d¯iγµPLdj + Y uij u¯iγµPRuj − Y dij d¯iγµPRdj − 2s2WJµEM
)
Zµ ,
(3.19)
L(0)h = −(Xuij − Y uij )
mj
v
u¯iPRu
jh− (Xdij − Y dij)
mj
v
d¯iPRd
jh+ h.c. , (3.20)
3For a recent analysis of dimension six operator effects in composite Higgs scenarios without dynamical vector-
like fermions see [129].
4For recent related studies in the context of explicit composite Higgs model realizations see [130].
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where PR,L = (1±γ5)/2, g = 2mW /v ' 0.65 is the weak coupling, while sW '
√
0.23 and cW =√
1− s2W are the sine and cosine of the weak angle, respectively. JµEM = (2u¯iγµui − d¯iγµdi)/3
is the electromagnetic quark current. The flavor matrices V L,R, Xu,d and Y u,d are all given in
terms of Uu,dL,R. In particular, we can write V
L
ij ≡ (UdL)∗jk(UuL)ik, where the repeated index runs
over all left-handed weak doublets, and V Rij ≡ (UdR)∗jk(UuR)ik, where the repeated index runs over
all right-handed weak doublets. Then the (hermitian) flavor matrices entering neutral current
and Higgs interactions are given simply by Xu ≡ V LV L†, Xd ≡ V L†V L, Y u ≡ V RV R† and
Y d ≡ V R†V R.
Thus, non-standard Higgs interactions in such renormalizable models with extra quarks are nec-
essarily constrained by charged and neutral weak currents among the known three generations
of quarks. For example, the departures of V L from 3 × 3 unitary matrix and the appearance
of a non-zero V R are constrained by precisely measured tree level charged current processes.
For example,
∑
j=d,s,b |V Lij |2 = 1 − ∆ui ≤ 1 (for i = u, c, t) and
∑
j=u,c,t |V Lji |2 = 1 − ∆di ≤ 1
(for i = d, s, b) are constrained in absence of V R as ∆uu < 0.001 [132], ∆
u
c < 0.052 [190],
∆ut < 0.13 (see Appendix B for details) , ∆
d
d < 0.01, ∆
d
s < 0.08 [190] and ∆
d
b < 1− |V Ltb |2 < 0.15
(see Appendix B for details). Note that in models with no extra up-type (down-type) quarks,
∆di = δX
d
ii (∆
u
i = δX
u
ii), where δX
u,d
ii ≡ 1 − Xu,dii . The entries of V R on the other hand, are
also constrained at the tree-level by searches for right-handed charged currents (c.f. [134] for
a recent analysis). Unfortunately, without information on the matrix elements involving also
extra quarks present in the model beyond the known SM generations, these cannot be directly
related to Z and Higgs couplings (Y u,d) .
In addition, one can obtain tree-level constraints on the off-diagonal entries of Xu,d and Y u,d
directly from their contributions to Z-mediated FCNCs of up- or down-type quarks. In all sce-
narios we consider, either nonstandard Xu,dij 6= δij or Y udij 6= 0 are generated but not both. In this
case the bounds on non-diagonal entries of Xu,d or Y u,d read |Xucu|, |Y ucu| < 2.1×10−4 [135, 136],
|Xutu,tc|, |Y utu,tc| < 0.14 (see Appendix B for details); Re(Xdds),Re(Y dds) < 1.4×10−5, |Xddb|, |Y ddb| <
4 × 10−4 and |Xdsb|, |Y dsb| < 1 × 10−3 (see Appendix C for details). Finally, electroweak mea-
surements provide strong tree-level constraints also on the diagonal entries of Xu,d and Y u,d
corresponding to the five light quark flavors (see Appendix D for details).
The main consequence of the above discussion is that in renormalizable models with additional
vector-like quarks, Higgs couplings to the known three generations of quarks, except possibly the
top (i.e. Xutt, Y
u
tt ), must remain SM-like, irrespective of the spectrum or interactions of additional
heavy quarks. This is because they are rigidly related to the corresponding Z couplings, and
thus subject to severe constraints from charged and neutral weak currents. In the following, we
discuss three renormalizable model examples, namely, singlet up-type vector-like quark, singlet
down-type vector-like quark and doublet vector-like quark model.
3.2.1.1 Singlet up-type vector-like quark
As a first example, we consider the SM extended by a vector-like quark pair (UL, UR) in the
12/3 representation of the SM electroweak group. In the most general renormalizable model the
quark Yukawa interactions and mass terms can be described by the following Lagrangian
− L(0)U = yijd q¯iLHdjR + yiju q¯iLH˜ujR + yiU q¯iLH˜UR +MU U¯LUR + h.c. , (3.21)
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where H˜ ≡ iτ2H∗, H = (G+, (v + h + iG0)/
√
2) is the SM Higgs doublet, qiL the SM quark
doublets and uiR the SM up-type quark singlets. Note that additional kinetic mixing terms of the
form ULu
i
R can always be rotated away and reabsorbed into the definitions of yu,U . Furthermore,
one can, without loss of generality, choose a weak interaction basis where yu is diagonal and
real. After EW symmetry breaking (EWSB) the mass matrices for up- and down-type quarks
are
Mu =
(
yuv/
√
2 yUv/
√
2
0 MU
)
, Md = (ydv/
√
2) . (3.22)
The weak gauge and Higgs interactions of 4 (u, c, t, u′) physical up-type and 3 (d, s, b) down-type
quarks in this (mass) eigenbasis are given by eqs. (3.18)-(3.20), where V R = 0, V L is a general
4×3 matrix and Xd = I3×3 . Note that in this model Xuii = 1−∆ui and that tree level constraints
on the entries of Xu already severely constrain the admixture of U within the physical u and c
quarks. In particular, we find for the 3× 3 sub-matrix of Xu describing Z and Higgs couplings
to known up-type quark flavors
|Xu − I|3×3 <
 0.001 2.1× 10−4 0.140.0026 0.14
0.13
 . (3.23)
Loop-level u′ effects provide better constraints only on the mixing of the vector-like singlet quark
with the top quark. Neglecting the small mixing with the first two generations (effectively setting
yu,cU = 0) the t − u′ system can be described by three independent physical parameters: two
quark masses (mt,mu′) and a single (left-handed) mixing angle (θtU ), which are defined as [146]
tan(2θtU ) =
√
2vytUMU
M2U − [(ytu)2 + (ytU )2]v2/2
, (3.24)
mtmu′ = MUy
t
u
v√
2
, m2t +m
2
u′ = M
2
U +
v2
2
[(ytu)
2 + (ytU )
2] . (3.25)
In terms of these, Xutt = c
2
tU , X
u
tu′ = ctUstU and X
u
u′u′ = s
2
tU , where ctU ≡ cos θtU and stU ≡
sin θtU .
Presently, the most sensitive observable to nonzero stU is the ρ parameter, which receives a new
contribution of the form [146]
∆ρ =
αNC
16pis2W
m2t
m2W
s2tU
[
−(1 + c2tU ) + s2tUr + 2c2tU
r
r − 1 log(r)
]
, (3.26)
where r ≡ m2u′/m2t and we have neglected terms of higher order in m2Z,b/m2t,u′ . A comparison
with the experimental bound of ∆ρexp = 4+3−4×10−4 [190] yields a constraint on stU as a function
of the u′ mass as shown in Fig. 3.4.
While the modified top quark coupling to the Higgs boson and the presence of an additional
heavy quark can in principle impact also loop induced Higgs decays, namely h → gg, h → γγ
and h → Zγ, taking into account the above constraints on Xuij these effects turn out severely
suppressed making it impossible in practice to distinguish the renormalizable model with a
singlet vector-like up type quark from the SM in single Higgs production processes.
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Figure 3.4: Upper limit at 95% C.L. on t − u′ (left-handed) mixing angle as a function of
the u′ quark mass in the model with an up-type vector-like quark. The gray region marks
the ATLAS experimental search bound on the renormalizable model using the u′ → th decay
signature [147].
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Figure 3.5: Allowed region at 95% C.L. for u′ − d′ mass splitting as a function of the u′
quark mass in models with a doublet vector-like quark. The narrowest purple bands apply to
the renormalizable model, the middle orange band stands for the non-renormalizable model in
the zero t− u′ mixing limit, while the broadest green band is for the non-renormalizable model
with non-zero t− u′ mixing effects allowed by Z → bb data. The gray area marks the ATLAS
experimental search bound on the renormalizable model using the u′ → th decay signature [147].
3.2.1.2 Singlet down-type vector-like quark
Next we consider a SM extension with a vector-like quark pair (DL, DR) in the 1−1/3 electroweak
representation. The most general renormalizable Lagrangian now contains the Yukawa and mass
terms
− L(0)D = yijd q¯iLHdjR + yiju q¯iLH˜ujR + yiD q¯iLHDR +MDD¯LDR + h.c. . (3.27)
The mass matrices of up- and down-type quarks after EWSB have the form (3.22) with the
replacement u↔ d and U ↔ D . In the mass-eigenbasis of 4 (d, s, b, d′) physical down-type and
3 (u, c, t) up-type quarks the weak gauge and Higgs interactions are controlled by the general
3×4 matrix V Lij (again V R = 0) defined as before leading to Xu = I3×3. On the other hand, now
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the entries of the hermitian matrix Xd are experimentally severily constrained by their tree-
level contributions to CKM non-unitarity and FCNCs in the down-quark sector and already
preclude significant mixing of the vector-like down-type singlet quark with any of the SM quark
generations
|Xd − I|3×3 <
 0.004 1.4× 10−5 4× 10−40.006 0.001
0.0057
 . (3.28)
We immediately observe that Higgs phenomenology in the renormalizable down-type singlet
model is again indistinguishable from the SM. In particular, considering only the dominant
effects due to b− d′ mixing and thus parametrizing Xdbb = c2bD, Xdbd′ = cbDsbD and Xdd′d′ = s2bD,
where c2bD + s
2
bD = 1, experimental constraints indicate sbD = 0.05(4) (see Appendix D). This
leads to maximum allowed relative deviations from SM predictions for the decay channels h→
bb¯, h→ gg and h→ γγ of 0.4%, 0.5% and −0.02%, respectively.
3.2.1.3 Doublet vector-like quark
As a final example, we consider the SM extended by a vector-like pair (QL, QR) in the 21/6
electroweak representation. The most general renormalizable Lagrangian now contains the
Yukawa and mass terms
− L(0)Q = yijd q¯iLHdjR + yiju q¯iLH˜ujR + yiDQ¯LHdiR + yiU Q¯LH˜uiR +MQQ¯LQR + h.c. . (3.29)
The mass matrices of both up- and down-type quarks after EWSB now have the form
Mu =
(
yuv/
√
2 0
yUv/
√
2 MQ
)
, Md =
(
ydv/
√
2 0
yDv/
√
2 MQ
)
. (3.30)
In the quark mass eigenbasis the weak gauge and Higgs interactions of 4 (u, c, t, u′) physical
up-type and 4 (d, s, b, d′) down-type quarks are governed by two 4 × 4 matrices, a unitary V L
and a non-unitary V R. Consequently Xu,dij = δij , while Y
u,d
ij are hermitian and constrained as
|Y u|3×3 <
 0.11 2.1× 10−4 0.140.018 0.14
−
 , |Y d|3×3 <
 0.1 1.4× 10−5 4× 10−40.21 0.001
0.03
 . (3.31)
Due to such severe experimental bounds on the mixing of vector-like doublet components with
the first two quark generations, and also with the b quark, the dominant effect on Higgs phe-
nomenology could possibly come from the mixing in the top sector (via induced Y utt ), which
remains unconstrained at the tree-level. However, as shown in [146] the (right-handed) mixing
angles in the top (t − u′) and bottom (b − d′) quark sectors are related via the mass splitting
between the two extra quark states u′ and d′ as
m2d′ [1− s2bD(1− r2bd′)] = m2u′ [1− s2tU (1− r2tu′)] , (3.32)
where rij ≡ mi/mj . Left-handed and right-handed mixing angles are now related through
tan θ′ij = rij′ tan θij . At the one-loop level, the u
′ − d′ mass splitting (∆mQ ≡ mu′ − md′) is
constrained from EW precision measurements. In particular, Z → bb¯ observables constrain the
b − d′ and t − u′ mixing angles as shown in Fig. D.2 (see appendix D for details). Together
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with a constraint from the ρ parameter, this gives the bound on ∆mQ as shown in Fig. 3.5 (the
narrowest purple bands).5
Taking all this into account (in particular discarding the fine-tuned solution for large negative
∆mQ), we find (in accordance with [146]) that the vector-like quark doublet with renormalizable
couplings has unobservable effects in single Higgs production and decay processes.
3.2.2 Including non-renormalizable Higgs interactions
Treating the SM as an effective field theory with particle content valid below a UV cut-off scale
Λ, it is well known that the leading higher dimensional operators involving quark fields are
of dimension six, a virtue of the chiral nature of weak interactions in the SM. Thus, effects
of NP degrees of freedom appearing above Λ in low energy observables are suppressed by at
least two powers of 1/Λ. On the other hand, in presence of dynamical vector-like quarks, the
leading non-renormalizable operators can appear already at dimension five. In general, they are
of the form H†HQ¯Q and H†Hq¯Q, where q denotes the SM chiral quark multiplets.6 The main
consequences of these new interactions are (i) direct di-Higgs coupling to physical quarks [xij in
eq. (3.14)] with possible implications for the SM hierarchy problem; (ii) modifications of single
Higgs - quark couplings [yij in eq. (3.14)] not related to weak neutral or charged currents. In
the quark mass eigenbasis these additional contributions can generally be written as
L(1)h =
(
Xu′ij
Λ
u¯iLu
j
R +
Xd′ij
Λ
d¯iLd
j
R
)[
vh+
h2
2
]
+ h.c. , (3.33)
where Λ is the UV cut-off scale of the effective theory encompasing the SM together with a
number of additional quark-like states. First note that the appearance of Xu,d′ij couplings of the
known three generations of quarks to the Higgs is a manifestation of mixing between chiral and
vector-like quarks, which is in general unrelated and thus unconstrained by charged and neutral
weak currents. On the other hand, naturalness of the hierarchical quark mass spectrum would
require |Xq′ijXq′ji
∗|v4/Λ2 < mimj [138]. In order to keep our analysis as general as possible,
we shall not impose such a condition on the parameter space of our models, although one
should keep it in mind. The off-diagonal values of Xu,d′ are constrained by low energy flavor
observables [218]. In the up-sector, |Xu′uc,cu|v/Λ < 7×10−5 and
√
|Xu′tu,tc|2 + |Xu′ut,ct|2v/Λ < 0.34
are constrained by D0 mixing and t → (c, u)h decay searches, respectively. Similarly, K0,
Bd and Bs mixing measurements require |Xd′sd,ds|v/Λ < 2 × 10−5, |Xd′bd,db|v/Λ < 2 × 10−4 and
|Xd′sb,bs|v/Λ < 1× 10−3, respectively.7
Potentially the most striking tree-level effects on Higgs phenomenology in non-renormalizable
vector-like quark models are thus modifications of the flavor diagonal Higgs couplings to lighter
quarks. In particular, in the SM the the total Higgs decay width is dominated by the h → bb¯
channel, the first hints of which have also been observed at the LHC [139, 140]. The modifications
5Note that we do not find a bound as strong as reported in [146]. The resulting implications for Higgs
phenomenology remain however qualitatively unchanged.
6In the following we do not consider operators of the form Q¯(σ ·G)Q and q¯(σ ·G)Q, where σµν = i[γµ, γν ]/2 and
Gµν ∈ {T aGaµν , τaW aµν , Bµν} stands for the three SM gauge field strengths, since these are not directly related
to Higgs phenomenology. If the vector-like quarks mix with the SM generations, they will induce anomalous
dipole gauge interactions of SM quarks at order 1/mQΛ, where mQ is the vector-like quark mass scale, and
can be constrained from precision electroweak, flavor and collider observables (c.f. [137]). Modulo fine-tuned
cancelations in these constraints, their presence would thus not affect our analysis.
7All bounds from neutral meson mixing apply in absence of large cancellations with the tree-level Z-mediated
Xu,d, Y u,d contributions.
Chapter 2. Higgs probing new colored states 48
of ybb in eq. (3.14) can thus have important consequences for all experimentally observed Higgs
signals. Similarly, while the h → uu¯, dd¯, ss¯ or h → cc¯ decays are very suppressed in the
SM and also cannot be reconstructed at the LHC due to the large QCD backgrounds, they
can contribute to the total Higgs decay width in case of non-zero Xu,d′ii . In particular, defining
∆γ ≡∑f=d,u,s,c Γh→ff¯/ΓSMh , we obtain∑i=d,s ∣∣Xd′ii v/Λ−mi/v∣∣2 +∑i=u,c |Xu′ii v/Λ−mi/v|2 '
10−3∆γ showing that sizable enhancement in these decay channels is possible (although the
required values of Xu,d′ii /Λ would necessarily violate the corresponding quark mass naturalness
conditions) and that a non-trivial constraint on Xu,d′ii can in principle be obtained from the total
Higgs decay width. This rises a question of importance of uu→ h (or to a lesser extent d¯d→ h)
production mechanism compared to the dominant gg → h mode at the LHC and Tevatron. In
the zero-width approximation and at leading order in QCD, the ratio of the relevant hadronic
cross sections in the two cases can be written as
σ(p1p2 → h)uu
σ(p1p2 → h)gg =
Γ(h→ uu)
Γ(h→ gg)
Luup1p2(τ)
Lggp1p2(τ)
, (3.34)
where τ ≡ m2h/s with s being the invariant collider energy squared. The relevant luminosity
functions at hadronic (p1p2) colliders are given by
Lq1q2p1p2(x) =
1
1 + δq1q2
∫ 1
x
dy
y
[fp1q1 (y)f
p2
q2 (x/y) + f
p2
q1 (y)f
p1
q2 (x/y)] , (3.35)
where fpiqj are the corresponding parton distribution functions (pdfs). Using the LO MSTW2008
[141] set, with the factorization and renormalization scales fixed to mh ' 125 GeV, the ratio
Luupp /Lggpp for
√
s = 7 TeV and
√
s = 14 TeV is 3.9% and 2.3% respectively.8 Thus, even assuming
comparable h → uu¯ and h → gg decay rates, the up-quark contribution to Higgs production
at the LHC is below the ∼ 12% theoretical uncertainties [142] of the dominant gluon fusion
production cross section. Conversely, at the Tevatron, we find the relevant ratio Luupp¯ /Lggpp¯ for√
s = 1.96 TeV to be sizable 26%. However, given the low statistics in the gluon fusion Higgs
production channel at the Tevatron [143], this again gives no relevant constraint on Γ(h→ uu).
In the future, enhanced di-Higgs production at the LHC could possibly offer a competitive
constraint on Xu′uu/Λ . In particular, the relevant LO hadronic cross section is given by
σ(p1p2 → hh)X′ =
∫ 1
4τ
dx σˆX
′
uu¯→hh(xs)Luu¯p1p2(x) , (3.36)
where
σˆX
′
uu¯→hh(sˆ) =
|Xu′uu|2βh
64piΛ2
(
1 +
3m2h
sˆ−m2h
)2
, (3.37)
and βh =
√
1− 4m2h/sˆ.
Using the same pdf parameters as above we obtain σ(pp→ hh)X′/[(|Xu′uu|/0.03)(1TeV/Λ)]2 '
5(11) fb at the 8 TeV (14 TeV) LHC, compared to the SM LO predictions [252] of σ(pp→ hh)SM =
4(16) fb, respectively.
Most interesting effects involving light vector-like quarks in Higgs phenomenology appear at the
one-loop level. In general, Higgs-fermion interactions of the form (3.14) will contribute to gluon
8Using instead the NNLO MSTW2008 pdfs with the same scale choices yields ratios of 4.0% and 2.5% respec-
tively.
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fusion production and di-photon decay of the Higgs at one loop
Rgg ≡ Γh→gg
ΓSMh→gg
'
∣∣∣∣∑
i
yii
v
mi
C(ri)A1/2(τi)
∣∣∣∣2∣∣1
2A1/2(τt) + 12A1/2(τb)
∣∣2 , (3.38)
Rγγ ≡ Γh→γγ
ΓSMh→γγ
'
∣∣∣∣A1(τW ) +∑
i
yii
v
mi
d(ri)Q
2
iA1/2(τi)
∣∣∣∣2∣∣F1(τW ) + 43A1/2(τt)∣∣2 , (3.39)
where d(ri) and C(ri) are the dimension and index of the color representation of fi, respectively,
and Qi is its electric charge. The relevant loop functions A1(τ) and A1/2(τ) can be found
Appendix A, and τi ≡ m2h/(4m2i ). In the limit of large fermion mass, A1/2(τ) → A1/2(0) =
4/3. In the SM, gluon fusion production, gg → h, is dominated by the top quark loop with
(1/2)A1/2(τt) = 0.688, with minor contribution from the bottom quark (1/2)A1/2(τb) = −0.04+
ı0.06. Conversely, Higgs decay to two photons in the SM is dominated by the W boson loop
yielding A1(τW ) = −8.34, and interfering destructively with the top quark contribution of
(4/3)A1/2(τt) = 1.84. It turns out that lighter quark contributions to loop induced Higgs
processes are negligible even if their couplings to the Higgs saturate the limits from ∆γ as
discussed before.
In order to evaluate the current constraints on modified Higgs interactions, we analyze the latest
available Higgs data. For the details on the procedure refer to Sec. 2.4. In the following, we
present results of our analysis. Within the vector-like quark scenarios, all the modifications to
Higgs signal strengths can be expressed in terms of four parameters, Rgg, Rγγ , Rbb and ∆γ,
where
Rbb ≡ Γh→bb
ΓSMh→bb
=
( |ybb|v
mb
)2
. (3.40)
In particular, one can write
µh→γγGF =
Rgg
Γˆ
Rγγ , µ
h→ZZ,WW,ττ
GF =
Rgg
Γˆ
, µh→γγV F =
Rγγ
Γˆ
, µh→ZZ,WW,ττV F =
1
Γˆ
, µh→bbV H =
Rbb
Γˆ
.
(3.41)
The modification of the total Higgs decay width coming from Rgg, Rbb and ∆γ is taken into
account by writing
Γˆ ≡ Γtot
ΓSMtot
= 0.569Rbb + 0.317 + 0.085Rgg + ∆γ , (3.42)
where ∆γ is constrained to ∆γ > 0.
We consider four different scenarios, with different choices of the fitting parameters. In each
case, the best-fit point is determined by minimizing the χ2 function. Results are presented
in the (Rgg, Rγγ) plane, after marginalizing over the other parameters. We define 68.2% (1σ)
best-fit region to satisfy χ2min < χ
2 < χ2min + 2.3, and 95.5% (2σ) best-fit region to satisfy
χ2min + 2.3 < χ
2 < χ2min + 6.2.
First, we take Rgg and Rγγ as fitting parameters, while fixing Rbb and ∆γ to their SM values.
This applies to scenarios, where the couplings of SM quarks to the Higgs (the Yukawas) are
not modified, while Rgg and Rγγ receive new loop contributions. In models with vector-like
quarks this corresponds to the limit of zero mixing between the chiral and vector-like quarks.
Second, we take Rgg, Rγγ and ∆γ as fitting parameters, while fixing Rbb = 1. This corresponds
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Figure 3.6: Left: Fit of Higgs data taking Rgg ≡ R(h → gg), Rγγ ≡ R(h → γγ) and ∆γ
as fitting parameters. The best fit point (cross), 1σ (dark gray) and 2σ (light gray) regions
are shown in the (Rgg, Rγγ) plane after marginalizing over ∆γ. The SM reference scenario is
marked with a diamond. Results of the fit for ∆γ fixed to its SM value are given by the darker
red contour (1σ region) and the lighter orange contour (2σ region). The resulting prediction
from the non-renormalizable model with an additional up-type vector-like quark, the model with
a down-type vector-like and the model with a doublet vector-like quark in the no-mixing and
negligible isospin breaking limit are given by the continuous-blue, dotted-red and dashed-green
curves, respectively. General predictions from the non-renormalizable model with a doublet
vector-like quark are given by the region presented with the dashed-black contour (see text for
details). Right: Fit of Higgs data taking Rgg, Rγγ , Rb and ∆γ as fitting parameters. The
best fit point (cross), 1σ (dark gray) and 2σ (light gray) regions are shown in the (Rgg, Rγγ)
plane after marginalizing over Rb and ∆γ. Results of the fit for ∆γ fixed to its SM value are
given by the darker red contour (1σ region) and the lighter orange contour (2σ region). The
resulting prediction from the non-renormalizable model with a down-type vector-like and the
model with a doublet vector-like quark in the no-mixing and negligible isospin breaking limit
are given by dotted-red and dashed-green curves, respectively. General predictions from the
non-renormalizable model with a doublet vector-like quark are given by the region presented
with the dashed-black contour (see text for details).
to scenarios where the vector-like quarks do not mix with the b quark, but possibly with the
lighter quark generations (see [144] for a recent model example). The results for the first two
scenarios are presented on the left plot in Fig. 3.6. For the first scenario, 1σ and 2σ contours
are represented by (darker) red and (lighter) orange curves, respectively.
In the third case, we take Rgg, Rγγ and Rbb as fitting parameters, while fixing ∆γ to its SM
value. This case applies to the most studied scenarios in the literature, where the vector-like
quarks only mix with the third generation (c.f. [145] for a recent study). In the last case, we take
all four parameters to fit the data, corresponding to the most general case of vector-like quarks
mixing with all three SM generations. The results for the last two scenarios are presented on
the same plot, Fig. 3.6 right. For the third scenario, 1σ and 2σ contours are represented by
(darker) red and (lighter) orange curves, respectively.
The main observation at this point is that allowing for a modification of Rbb and/or ∆γ (non-
zero mixing of vector-like quarks with some of the SM chiral quarks) significantly increases the
allowed range of Rgg, while it has much less of an effect on Rγγ . This has important implications
for constraining vector-like quark models using Higgs data, since these generically predict much
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larger effects in Rgg. In the following sections we apply these general results to a few simplest
SM extensions with a single light vector-like quark state below the effective theory cut-off Λ.
3.2.2.1 Singlet up-type vector-like quark
Extending the renormalizable model with the leading dimension five operators containing the
light SM fields and UL,R as the only dynamical degrees of freedom below a UV cut-off scale Λ,
Yukawa interactions and mass terms in eq. (3.21) receive corrections which result in modified
interactions between up-type quarks and the Higgs. One can manifestly preserve the exact
mass diagonalization procedure of the renormalizable model by parametrizing the leading non-
renormalizable contributions in terms of the replacement
MU →MU + c2 v
2/2− |H|2
Λ
, (3.43)
plus an additional Higgs-dependent ‘kinetic mixing’ operator
− L(1)U = ci1
v2/2− |H|2
Λ
U¯Lu
i
R . (3.44)
After EWSB, the flavor structure of gauge interactions (and the associated bounds on Xuij) in
the renormalizable model is preserved and only the Higgs interactions in the mass eigenbasis
receive new contributions of the form (3.33) where Xd′ = 0 (leading to Rbb = 1) while Xu′ =
UuL.[(0, 0), (c1, c2)].U
u†
R . Interestingly, even though X
u′ has no observable effects on charged
current interactions of quarks, one can derive an indirect bound on the diagonal entries of Xu′
from CKM unitarity. Following its definition, Xu′ij = (U
u
L)i4
(
ck1(U
u
R)
∗
jk + c2(U
u
R)
∗
j4
)
, we note
that |Xu′ij |2 is proportional to |(UuL)i4|2 = 1−Xuii, multiplied by at most O(1) coefficients in the
effective field theory expansion ci1, c2 and the unitary rotation U
u
R. Furthermore, the general
identity |(UuR)i4|2 = (mi/MU )2|(UuL)i4|2 implies that c2 contributions to u, c interactions are
severely suppressed. Consequently, CKM unitarity constraints on Xuuu,cc yield indirect bounds
on the diagonal elements |Xu′uu| . 0.03 max(ci1) and |Xu′cc | . 0.2 max(ci1). Note that sizable
contributions to ∆γ are well consistent with these indirect CKM unitarity constraints.
The relevant modifications toRgg andRγγ in the up-type singlet scenario come from the modified
top quark coupling and the presence of the additional heavy quark in the loop. In the limit
mt,u′  mh, which is a good approximation here, the relevant numerical expressions are given
by
Rgg =
|0.68ry − 0.040|2 + 0.0572
0.652
, Rγγ =
|−8.3 + 1.8ry|2
|−6.5|2 , (3.45)
where to order 1/Λ and including possible small t− u′ mixing
ry ≡ ytt v
mt
+ yu′u′
v
mu′
= 1 + stU
(
ct1c
′
tU − c2s′tU
) v2
Λmt
− ctU
(
ct1s
′
tU + c2c
′
tU
) v2
Λmu′
. (3.46)
Above we have used the short-hand notation for c′tU = cos θ
′
tU , s
′
tU = sin θ
′
tU , where the (right-
handed) mixing angle θ′tU is defined via tan θ
′
tU = (mt/mu′) tan θtU . Thus, h→ γγ and h→ gg
are highly correlated in this set-up. Note that at the one loop level and in the large mt,u′ limit,
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contributions of renormalizable interactions of t and u′ cancel exactly9, therefore, leading effects
appear at order O(v/Λ).
The resulting predictions in the up-type singlet scenario are presented by the continuous (blue)
curve in the (Rgg, Rγγ) plain in left plot of Fig. 3.6. For concreteness we take
∣∣(ct1, c2)∣∣ /Λ ≤
1 TeV−1 and mu′ ≥ 640 GeV as suggested by direct searches [147] (see also the related discussion
at the end of this section). Also, we take the t − u′ mixing angle to be within the 95% C.L.
experimental bound discussed above (stU . 0.2). From the fit to Higgs data we obtain the
preferred parameter ranges for ry at 68% C.L. of ry = 0.86
+0.16
−0.09 (when marginalizing over ∆γ)
and ry = 0.87 ± 0.08 (when fixing ∆γ = 0). Interestingly, in both cases the fit slightly prefers
ry < 1.
Finally, turning to the naturalness condition in (3.15), for the case of a single vector-like up-type
singlet quark mixing with the top it reads
m2t c
2
tU +m
2
u′s
2
tU
v2
=
1
Λ
[mtstU (−ct1c′tU + c2s′tU ) +mu′ctU (ct1s′tU + c2c′tU )] +O(1/Λ2). (3.47)
In the zero-mixing limit this leads to the prediction ry = 1− (mt/mu′)2, independent of the cut-
off scale Λ. Interestingly, present Higgs data (exhibiting a preference for ry < 1) are perfectly
consistent with the naturalness condition. On the other hand, the Higgs fit results can also be
interpreted in this context as imposing an indirect bound on the u′ mass of mu′ > 360 GeV at
95% C.L.10
It is instructive to compare the above constraint to results of direct experimental searches for up-
type singlet vector-like quarks. Interestingly, the constraint on u′ in the renormalizable model
and assuming dominant but small u′ mixing with the top, mu′ > 640 GeV [147] is given by
the ATLAS experimental search using the u′ → th decay signature. In the non-renormalizable
model the relevant couplings are given by ytu′ = stUctUmu′/v + stU (s
′
tUc
t
1 + c
′
tUc2)v/Λ and
yu′t = stUctUmt/v − ctU (c′tUct1 − s′tUc2)v/Λ. It is then easy to check that compared to u′ → tZ
and u′ → bW rates, the 1/Λ corrections can in principle enhance the B(u′ → th) in the small
stU limit (in the extreme case B(u′ → th) = 1 the present bound is then strengthened to
mu′ & 850 GeV [147]) but cannot reduce it significantly below its value in the renormalizable
model. However, if u′ does not dominantly decay to third generation quarks (but instead
to first two quark generations), the current direct search constraints are relaxed dramatically
(c.f. [150]) and mu′ ' 300 GeV becomes a possibility. In summary, the Higgs fit already provides
an interesting complementary constraint on scenarios with an up-type singlet vector-like quark
cancelling the top-loop quadratic divergence to the Higgs mass. Although it is at present only
marginally competitive with existing direct search bounds, it is far less sensitive to the hierarchy
of mixings with the known three generations of up-type quarks (provided they are small).
9Deviations from the large mass limit, as well as higher order perturbative corrections can upset this cancel-
lation. However a recent study of gluon fusion production in the renormalizable model with a singlet vector-like
top partner at NNLO in QCD [146] has found such effects to be tiny, only a few percent for maximal mixing.
10For a comparison with the situation after the first Higgs data see [148].
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3.2.2.2 Singlet down-type vector-like quark
The leading higher dimensional modifications of Higgs interactions can again be most conve-
niently parametrized via the replacement
MD →MD + c2 v
2/2− |H|2
Λ
, (3.48)
plus an additional Higgs-dependent ‘kinetic mixing’ operator
− L(1)D = ci1
v2/2− |H|2
Λ
D¯Ld
i
R , (3.49)
yielding new Higgs interactions in the mass eigenbasis of the form (3.33), where now Xu′ = 0 and
Xd′ = UdL.[(0, 0), (c1, c2)].U
d†
R . Constraints on |(UdL)4i|2 = 1−Xdii lead to the following indirect
bounds |Xd′dd| . 0.06 max(ci1), |Xd′ss| . 0.08 max(ci1) (both allowing for sizeable modifications of
∆γ) and |Xd′bb| . 0.13 max(ci1). In fact, while the Z → bb¯ anomaly cannot be fully resolved in
this model, the data prefers non-zero b − d′ mixing with sbD = 0.05(4) (assuming negligible d′
mixing with first two generations). This is enough to allow for O(1) modification of ybb and
thus Rbb¯ at order 1/Λ. In particular neglecting also the mb/MD suppressed right-handed b− d′
mixing one can write
ybb ' mb
v
+ sbDc
b
1
v
Λ
=
mb
v
(
1 + sbDc
b
1
v2
mbΛ
)
. (3.50)
On the other hand, b − d′ mixing has negligible effects on the modifications to gluon fusion
production and Higgs decay to two photons
Rgg =
0.0572 + |0.65 + 0.67yd′d′ |2
0.652
, Rγγ =
|−6.5 + 0.45yd′d′ |2
|−6.5|2 , (3.51)
where c2 contributions to yd′d′ dominate as yd′d′ = −cbDc2v2/Λmd′ . The resulting predictions
from the non-renormalizable model with a singlet down-type vector-like quark are presented
by the red-dotted curves in the (Rgg, Rγγ) plane in Fig. 3.6. Again we have used |c2| /Λ ≤
1 TeV−1 and md′ > 350 GeV as suggested by direct searches (see the related discussion below).
Allowing for Rbb 6= 1 (right plot), the preferred parameter regions for yd′d′ at 68% C.L. are
yd′d′ = −0.16+0.19−0.14 (when marginalizing over ∆γ) and yd′d′ = −0.17+0.17−0.13 (when fixing ∆γ = 0).
Consequently, current Higgs data are not yet very constraining in this context. On the other
hand, in absence of significant d′ mixing with lighter quarks (for Rbb = 1 and ∆γ = 0 in left
plot of Fig. 3.6), the Higgs data already give an interesting constraint (as discussed below) on
yd′d′ = −0.12± 0.08.
Finally, turning to the naturalness condition in (3.15), for the case of a single vector-like down-
type singlet quark it reads in the small b− d′ mixing limit
m2t +m
2
d′s
2
bD
v2
= cbDc2
md′
Λ
+O(1/Λ2) , (3.52)
or equivalently yd′d′ = −s2bD−(mt/md′)2 again independent of the cut-off scale Λ. Present Higgs
data then provide an indirect constraint on the d′ mass, which reads md′ > 330 GeV in the
zero b − d′ mixing case and grows stronger for non-zero sbD. This is to be compared to direct
experimental searches [149], which yieldmd′ > 480 GeV for the renormalizable down-type singlet
model dominantly mixing with the b . In this case however, the direct constraint is dominated
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by the d′ → Wt decay signature. Enhancing the d′ → bh rate in the small b − d′ mixing
limit through the coupling yd′b ' −cbDc′bDcb1v/Λ can thus naturally relax it to md′ & 350 GeV;
dominant (but small) mixing with the first two generations possibly even further. In light of
this, the Higgs data already provide a complementary and competitive handle on such models.
3.2.2.3 Doublet vector-like quark
At the non-renormalizable level, the doublet vector-like quark model offers a somewhat richer
structure than the singlet examples. Namely, the introduction of dimension five operators allows
to shift the vector-like mass independently for both isospin components of Q via the insertion
of an iso-triplet combination of Higgs fields
MQQ¯RQL →MQQ¯RQL + c
+
2
Λ
(v2/2− |H|2)Q¯RQL + c
−
2
Λ
Q¯R(HH
† − H˜H˜†)QL . (3.53)
Similarly, one can now introduce two new operators (via iso-singlet and iso-triplet Higgs field
insertions)
− L(1)Q =
(c+1 )
i
Λ
(v2/2− |H|2)Q¯RqiL +
(c−1 )
i
Λ
Q¯R(HH
† − H˜H˜†)qiL . (3.54)
The two isospin breaking corrections (proportional to c−1,2) now necessarily induce corrections
to quark masses and mixings. In particular, the resulting changes toMu,d can be parametrized
as
(yu,d)
ij → (y′u,d)ij ≡ (yu,d)ij
M¯U,D
MU,D
∓ v
2(yU,D)
i(c−1 )
j
2ΛMU,D
, (3.55)
(yU,D)
i → (y′U,D)i ≡ (yU,D)i
M¯U,D
MU,D
± v
2(yu,d)
ij(c−1 )j
2ΛMU,D
, (3.56)
MQ →MU,D , (3.57)
where MU,D ≡
√
M¯2U,D + v
4((c−1 )i(c
−
1 )
∗
i )/4Λ
2 and M¯U,D ≡MQ± v2c−2 /2Λ. The only observable
effect of these shifts is the breaking of correlation between the masses and mixing angles in the
up- and down-type quark sectors , such that ∆mQ ≡ mu′ −md′ becomes an independent free
parameter, given in the zero-mixing limit (when y′U,D = 0) solely by ∆mQ = v
2c−2 /Λ. At the
one-loop level it will affect the ρ parameter as
∆ρ ' − αNC
6pis2W
(∆mQ)
2
m2W
, (3.58)
where we have only kept the leading ∆mQ dependence. The resulting constraint is shown in
Fig. 3.5 (in middle orange band). However, if we also include non-zero t − u′ mixing effects,
marginalizing over the allowed values of stU from Z → bb¯ data we obtain a much weaker bound on
∆mQ shown in the uppermost (green) band in Fig. 3.5. In our numerical evaluation we employ
the full one-loop formula for ∆ρ, which can be found in Appendix E. We thus conclude that after
including the contributions of leading higher dimensional operators, the isospin components of
a TeV scale vector-like quark doublet can be split by as much as 30%. Although this has no
observable consequences for Higgs phenomenology, it can have profound implications for direct
u′ searches if the u′ → d′W decay channel becomes kinematically allowed.
The new Higgs interactions in the mass eigenbasis are again of the form (3.33), where now
Xu,d′ = Uu,dR .[(0, 0), (c
+
1 ±c−1 , c+2 ±c−2 )]∗.Uu,d†L or explicitly (Xu,d′)ij = (Uu,dR )i4[(c+1 ±c−1 )k(Uu,dL )∗jk+
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(c+2 ±c−2 )(Uu,dL )∗j4]. They are thus constrained indirectly by bounds on Y u,d, since now |(Uu,dR )i4|2 =
Y u,dii . Taking into account also the relation |(Uu,dL )i4|2 = (mi/MU,D)2|(Uu,dL )i4|2, we can safely
neglect c±2 contributions and obtain X
u′
uu . 0.35 max[(c+1 + c−1 )i], Xu′cc . 0.13 max[(c+1 + c−1 )i],
Xd′dd . 0.30 max[(c+1 − c−1 )i], Xd′ss . 0.40 max[(c+1 − c−1 )i] and Xd′bb . 0.11 max[(c+1 − c−1 )i]. Signif-
icant effects in ∆γ and Rbb are thus possible and can be used to constrain the diagonal entries
of Xu,d′ .
Additional interesting effects again appear in loop induced Higgs processes. Higgs decays to
pairs of gluons or photons are modified by additional heavy particles in the loop
Rgg =
|0.68(rx + ry)− 0.040|2 + 0.0572
0.652
, Rγγ =
|−8.3 + 1.8rx + 0.45ry|2
|−6.5|2 , (3.59)
where to order 1/Λ and including t− u′ mixing
rx ≡ ytt v
mt
+ yu′u′
v
mu′
= 1 + stU
(
(c+1 + c
−
1 )
tc′tU − (c+2 + c−2 )s′tU
) v2
Λmt
− ctU
(
(c+1 + c
−
1 )
ts′tU + (c
+
2 + c
−
2 )c
′
tU
) v2
Λmu′
,
(3.60)
and
ry ≡ yd′d′ v
md′
= − v
2
Λmd′
(c+2 − c−2 ) . (3.61)
Taking into account the bound on t−u′ mixing, a good approximation for rx = 1+stU (c
+
1 +c
−
1 )
tv2
Λmt
−
(c+2 +c
−
2 )v
2
Λmu′
. There is no correlation between Rgg and Rγγ in general, unless one imposes additional
constraints on the parameters.
Therefore, the resulting predictions from the non-renormalizable model with a doublet vector-
like quark are given by a region (dashed-black contour) in the (Rgg, Rγγ) plane of Fig. 3.6
left, in the case when modification of ∆γ is allowed and Rbb = 1, and on Fig. 3.6 right, when
sizable modification of Rbb is allowed as well.
11 We have assumed
∣∣∣c+,−1,2 ∣∣∣ /Λ ≤ 1 TeV−1 and
mq′ > 790 GeV as suggested by direct searches [147]. Also, we take the t − u′ mixing angle to
be within the 95% C.L. experimental bound discussed above (stU . 0.35).
For small mixing and negligible isospin breaking, masses of u′ and d′ quarks are degenerate and
ry = rx − 1 = − v2Λmq′ c
+
2 . Allowing for modification of ∆γ and fixing Rbb = 1, the resulting
predictions in this scenario are presented by the green-dashed curve in the (Rgg, Rγγ) plane
in Fig. 3.6 left. Allowing for sizable modification of Rbb as well, the predictions are presented
by the green-dashed curve in the (Rgg, Rγγ) plane in Fig. 3.6 right. Again we have assumed∣∣c+2 ∣∣ /Λ ≤ 1 TeV−1 and mq′ > 790 GeV. In particular, the preferred parameter regions for
ry at 68% C.L. are ry = −0.09+0.09−0.06 (marginalizing over both Rbb and ∆γ), ry = −0.09+0.08−0.06
(marginalising over Rbb but fixing ∆γ), ry = −0.07+0.09−0.04 (fixing Rbb = 1 and marginalizing over
∆γ) and finally ry = −0.06± 0.04 (fixing both Rbb and ∆γ to their SM values) .
11As in the case of the non-renormalizable model with a down-type vector-like quark, ybb can receive O(1)
modifications even for small b− d′ mixing.
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In this scenario, the Higgs mass naturalness condition reads
m2t
v2
= 2c+2
mq′
Λ
+O(1/Λ2) , (3.62)
or equivalently ry = −(mt/
√
2mq′)
2. This condition allows to put an indirect bound on the
mass of q′ to be 390 GeV at 95% C.L. in the case of fixed Rbb.
Turning to direct searches, the most severe bound on u′ in the renormalizable model with a
doublet vector-like quark assuming dominant but small mixing with the third generation, mu′ >
790 GeV [147] is given by the ATLAS experimental search using the u′ → th decay signature.
In the non-renormalizable model the relevant couplings are given by ytu′ = stUctUmu′/v +
stU (s
′
tU (c
+
1 + c
−
1 )
t + c′tU (c
+
2 + c
−
2 ))v/Λ and yu′t = stUctUmt/v − ctU (c′tU (c+1 + c−1 )t − s′tU (c+2 +
c−2 ))v/Λ. It is then easy to check that again compared to u
′ → tZ and u′ → bW rates, the
1/Λ corrections can in principle enhance B(u′ → th) in the small stU limit but cannot reduce
it significantly below its value in the renormalizable model. However, the significant u′ − d′
mass splitting allowed by present data when including dimension five contributions, reopens
the possibility that the dominant decay channel of u′ is actually u′ → d′W , in which case the
existing direct search constraints are considerably relaxed and dominated by searches for the
lighter isospin component via d′ → tW and d′ → bh decay signatures (in the case of dominant
mixing with the third generation). Consequently, in such scenarios u′(d′) masses as low as
mu′(d′) & 400 GeV (300 GeV) could still be viable.
3.3 Conclusions
Loop induced Higgs decays are sensitive to new colored and/or charged states that couple to the
Higgs boson. The existence of new colored scalars is implied in many well-motivated new physics
models. In Section 3.1.4 we use two particular matter unification models based on the SU(5)
gauge group to correlate the lightness of the color octet weak doublet scalar representation with
the constraints on observable proton decay signatures. In the first model, one 5-dimensional (5)
and one 45-dimensional (45) scalar representations are used to accommodate charged fermion
masses while a set of extra fermion fields from one 24-dimensional (24F ) representation is used
to accommodate neutrino masses. In the second model, three scalar representations—5, 15 and
45—are used to accommodate all fermion masses.
We study the impact of colored scalar fields coupled to the SM Higgs doublet through the
Φ†ΦH†H on Higgs phenomenology. The dominant impact of such interactions is on the loop-
induced processes such as gg → h, h→ γZ and h→ γγ, while tree level production and decays
remain unaltered. In Section 3.1.2 we use the existing Higgs data to set the constraints on the
couplings and masses for several colored scalar representations (See Table 3.1). We then show
the correlation in (Γh→γγ/ΓSMh→γγ ,Γh→gg/Γ
SM
h→gg) plane induced by the presence of colored scalars
(See Fig 3.1). As a conclusion, by studying the correlations in the loop-induced observables it
is possible to discriminate between different colored scalar representation hypotheses.
We systematically investigate the impact of dynamical vector-like quarks, accommodated within
SM gauge representations and charges, on Higgs physics. In particular, we have considered the
weak singlet up-type, singlet down-type and doublet vector-like quarks, potentially mixing with
all three known generations of chiral quarks, and have updated the most relevant constraints on
such scenarios from low energy flavor phenomenology and electro-weak precision measurements.
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Within the renormalizable SM extended by additional vector-like quarks, we have shown gen-
erally that Higgs couplings to the known three generations of quarks need to remain SM-like
regardless of the extra quark masses. This feature is a consequence of the fact that precision
flavor and electro-weak observables are affected by the mixing of vector-like and chiral quarks,
some of them already at the tree level. Consequently, Higgs decay widths to light quark pairs,
gg and γγ cannot deviate significantly from their SM predictions.
A singular feature of models with vector-like fermions is that non-renormalizable contributions
sensitive to physics at the cut-off scale of the effective low energy theory appear already at di-
mension five. The inclusion of such higher-dimensional operators is essential in models that aim
to cancel dominant quadratic divergences to the Higgs boson mass coming from top quark loops
with new fermionic contributions. Contrary to the renormalizable models (see however [151]),
they also predict interesting effects in Higgs phenomenology. We have investigated such con-
tributions for all three types of additional vector-like quarks mixing with SM generations (see
Fig. 3.6). The most important consequences for Higgs physics are possible significant enhance-
ments in Higgs decay rates to pairs of light (uu¯, dd¯, ss¯, cc¯) quarks, which may still account for
a significant fraction of the total Higgs decay width.
Interestingly, current Higgs data are perfectly consistent with (and even exhibit a slight pref-
erence for) the possibility that vector-like quarks contribute to the cancellation of the top loop
quadratic divergence to the Higgs mass. Conversely in some cases, a fit to existing Higgs
measurements under such an assumption already offers competitive and robust constraints on
vector-like quark masses in comparison with results of direct experimental searches which need
to rely on particular decay signatures. In the example of a weak doublet of vector-like quarks,
we have shown that dimension five contributions allow to relax the stringent bounds on the
mass splitting between the two isospin states. Consequently the decay of the heavier doublet
component to the lighter one with the emission of a W boson may become kinematically al-
lowed, affecting the relevant experimental signatures. More generally in presence of dimension
five contributions, vector-like quark decay widths are naturally dominated by decay channels
involving the Higgs. Future dedicated experimental searches for such particular signatures (as
exemplified in [147], see also [152]) could thus shed light on the relevance of vector-like quarks
in the solution to the SM hierarchy problem.

Chapter 4
Top – Higgs Flavor Violation at LHC
4.1 Introduction
Higgs boson interactions with fermions are of special interest since deviations from Standard
Model (SM) predictions could point to the existence of new flavor dynamics not too far above
the electroweak scale. Among the flavor violating Higgs couplings to quarks, the most promising
place to look for new physics at high energy colliders are processes involving top quarks. In
fact, all relevant indirect low energy constraints on such processes are necessarily based on loop
suppressed observables [218]. On the other hand, the large number of top quarks produced at
the LHC allows us to study even strongly suppressed contributions to top quark production
and decay. Using this feature, the CMS collaboration has provided the best official upper limit
on flavor violating tch couplings: from a combination of multilepton searches and diphoton
plus lepton searches, the constraint B(t → hc) < 0.56% is obtained at 95% confidence level
(CL) [219].
Based on reference [4], we explore the LHC sensitivity to non-standard flavor violating top–
Higgs interactions (tch and tuh) further. In particular, we explore three main directions: (1)
We demonstrate the importance of the single top+Higgs production processes in addition to
t → hj decays. (2) We demonstrate how these processes can be exploited to distinguish tch
and tuh couplings in leptonic t+ h events by studying lepton rapidity distributions and charge
assignments. (3) We consider several novel search signatures including hadronic top decays
and Higgs decays to bb¯ and τ+τ−. While this leads to more challenging signatures requiring
efficient discrimination against the large SM backgrounds, the final sensitivity is compensated
by increased signal yields.
In Sec. 4.2 we set up the notation and introduce our main physics ideas. Then we explore and
quantify these insights in more detail using several top and Higgs decay modes. Multilepton
searches [220] are particularly sensitive to (t → b`ν) + (h → W+W−, ZZ, τ+τ−) final states,
and in Sec. 4.3.1 we recast a recent CMS analysis [221] to constrain these final states. In doing
so, we demonstrate the importance of including the anomalous single top production process
gu → th. In Sec. 4.3.2 we recast a recent CMS search [219] for flavor violating tch coupling in
the diphoton plus lepton final state to set an improved bound on tuh coupling. In Sec. 4.3.3 we
show that a competitive sensitivity can be obtained focusing specifically on h→ τ+τ− decays by
recasting a CMS search [222] for associate W+Higgs and Z+Higgs production. We then proceed
to future searches, showing in Sec. 4.4.1 how a detailed analysis of kinematic distributions in
multilepton searches can be used to improve the sensitivity to both tuh and tch couplings, and
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Figure 4.1: Example Feynman diagrams contributing to the LHC production of pp → (t →
W+b)h (left) and pp → [(t → W+b)(t¯ → hq¯), (t¯ → W−b¯)(t → hq)] (right) through flavor
violating top-Higgs interactions in Eq. (4.1) (marked with gray dots).
to discriminate between them. Finally, in Sec. 4.4.2, we develop a search strategy for the fully
hadronic final state (t → bq¯q′) + (h → bb¯), where for highly boosted processes jet substructure
techniques can be employed to identify top quarks and Higgs bosons. We summarize our results
in Sec. 5.4.
4.2 Flavor Violating Top–Higgs Couplings
We parameterize the flavor violating top–Higgs interactions in the up-quark mass eigenbasis as
− Ltqh = ytu t¯LuRh + yut u¯LtRh + ytc t¯LcRh + yct c¯LtRh + h.c. . (4.1)
At tree level, this Lagrangian gives rise to the non-standard 3-body Higgs boson decays h →
t∗q → Wbq as well as the more interesting 2-body top quark decays t → qh, where q = u, c
(see Fig. 4.1). Neglecting the light quark masses and assuming the top quark decay width
is dominated by the SM value of Γ(t → Wb), the approximate relation between the relevant
t→ qh branching ratios and the flavor violating Yukawa couplings is given by
B(t→ hq) = |ytq|
2 + |yqt|2
2
√
2GF
(m2t −m2h)2
(m2t −m2W )2(m2t + 2m2W )
ηQCD ' 0.29
(|ytq|2 + |yqt|2) , (4.2)
with the top quark mass mt, the W mass mW , the Higgs mass mh, and the Fermi constant
GF . The above expression is based on the leading order formulae for both the t → Wb and
t → hq decay rates. The NLO QCD correction to the branching ratio (in the pole top mass
scheme) are included through the factor ηQCD = 1 + 0.97αs = 1.10, calculated using the known
corrections to the t → W+b [223, 225] and t → ch decay widths [226]. We note that values of
ytq = yqt ' 0.13 correspond to B(t → hq) ' 1%. Top quark pair production followed by an
anomalous t→ qh decay has a total cross section of
σ[pp→ (thq¯, t¯hq)] = 2σ(pp→ tt¯)B(t→ hq) ' 140 (470) pb× (|ytq|2 + |yqt|2) , (4.3)
at the
√
s = 8 (13) TeV energy LHC, where we have used the QCD NNLO values of σ(pp →
tt¯) = 245 (806) pb [247].
The interactions in Eq. 4.1 also contribute to associated single top plus Higgs production at
the LHC. In particular the effects of ytu and yut are significant due to the large flux of valence
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Figure 4.2: Cross-sections for (t → bW ) + (t → hq) and single top + Higgs production
induced by flavor violating top-Higgs couplings as a function of the hadronic center of mass
energy and normalized to the corresponding tqh couplings. All partonic cross-sections are
computed analytically at leading order in QCD, while parton luminosity integration is performed
using MSTW2008 leading order parton distribution functions [141] with renormalization and
factorization scales fixed to the top mass (µr = µf = mt = 173.2 GeV).
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Figure 4.3: Pseudorapidity distributions for the Higgs boson in various flavor violating pro-
cesses at 13 TeV for ytq = yqt = 0.13 (corresponding to B(t → hq) ' 1%) and an integrated
luminosity of 1 fb−1. The results are obtained using a FeynRules v1.6.16 [229] implementation
of the effective interactions in Eq. (4.1) and using MadGraph 5, v1.5.11 [230] for MC simula-
tion. Events are normalized to corresponding state of the art QCD corrected cross sections as
discussed in the Sec. 4.2.
u-quarks. The t+ h production cross-section is comparable in magnitude to (4.3):
σ(pp→ th) ' 74 (180) pb× (|ytu|2 + |yut|2) , (4.4)
where we have used the NLO QCD result of [228]. The cross section for the conjugate process
antitop + Higgs production is roughly an order of magnitude smaller, and processes induced by
tch couplings are even more suppressed as illustrated in Fig. 4.2. This implies that, for a given
center of mass energy and luminosity, the sensitivity to tuh couplings is in general better than
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the one to tch couplings.
In addition, the presence or absence of a significant contribution of qg → th production in
single top plus Higgs final states can be used to distinguish between couplings to up quarks and
couplings to charm quarks. A good discriminating variable is the Higgs boson pseudorapidity,
ηh, as illustrated in Fig. 4.3.
The relevance of this variable can be understood from the fact that in ug scattering, the inter-
action products tend to be boosted in the direction of the incoming valence u quark, which on
average carries a larger fraction of the proton momentum than the gluon. In addition, the Higgs
boson in such a scattering process is preferentially produced in the direction of the up quark in
the partonic center of mass frame due to angular momentum conservation combined with the
quark chirality flip at the tuh vertex. These effects add up to make the resulting ηh distribution
peak at large rapidities. For initial states not containing valence quarks (gluon fusion-induced
tt¯ production as well as single top + Higgs production in cg, c¯g, or u¯g collision), both the top
quark and Higgs boson are produced more centrally. Another useful handle on tagging single
top plus Higgs production in searches with leptonic top decays is the enhanced abundance of
positively charged leptons.
In the following sections we demonstrate the relevance of associated th production for probing
flavor violating top–Higgs couplings using several promising experimental signatures.
4.3 Improved Limits on tuh and tch Couplings from Current
LHC Searches
4.3.1 Recasting the CMS Multilepton Search
Multilepton searches at the LHC profit from relatively low SM backgrounds and are therefore
sensitive to new physics processes producing final states with many leptons. A good example is
a final state with a top quark and a Higgs boson [220], where the top quark decays to b`ν, and
the 126 GeV Higgs boson decays to final states with up to four leptons. The relevant processes
are h → WW ∗ → ``νν, h → ττ , h → ZZ∗ → ``jj, h → ZZ∗ → ``νν, and h → ZZ∗ → ````
with branching ratios 2.4%, 6.2%, 0.41%, 0.1% and 0.03%, respectively [42]. Single top + Higgs
production can thus yield up to five leptons, so that multilepton searches can be expected to
constrain anomalous flavor violating top–Higgs interactions.
In this section, we recast a recent CMS search for anomalous production of final states with
three or more isolated leptons [221], based on 19.5 fb−1 of data at
√
s = 8 TeV. Data are binned
into exclusive categories according to the lepton flavor, the missing transverse energy EmissT , the
scalar sum of the transverse momenta of all the jets HT , the existence of b-tagged jets, and the
presence or absence of opposite sign, same flavor (OSSF) light lepton pairs. Events with an
OSSF pair are further divided into “below Z”, “on Z” and “above Z” categories based on the
invariant mass of the OSSF lepton pair relative to the Z mass.
CMS has already interpreted this search as a constraint on the anomalous tch coupling [221],
considering top pair production followed by anomalous top decay to h+ j. However, the CMS
search does not include contributions from single top + Higgs production, which is irrelevant
for tch couplings, but very important for tuh couplings. Therefore, we study in the following
the importance of associated th production for constraining anomalous tuh couplings.
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OSSF pair Nb-jets HT (GeV) E
miss
T (GeV) N(t→ hj) N(th) Nobs Nexp
1. below Z ≥ 1 ≤ 200 50− 100 10.8 6.7 48 48± 23
2. no OSSF ≥ 1 ≤ 200 50− 100 4.4 3.0 29 26± 13
3. below Z ≥ 1 ≤ 200 ≤ 50 6.8 3.8 34 42± 11
4. no OSSF ≥ 1 ≤ 200 ≤ 50 4.2 2.5 29 23± 10
5. below Z ≥ 1 > 200 50− 100 2.5 0.6 10 9.9± 3.7
6. below Z ≥ 1 > 200 ≤ 50 2.0 0.4 5 10± 2.5
7. below Z 0 ≤ 200 50− 100 9.2 5.1 142 125± 27
8. no OSSF 0 ≤ 200 50− 100 4.0 2.5 35 38± 15
9. above Z ≥ 1 ≤ 200 ≤ 50 1.9 1.2 17 18± 6.7
Table 4.1: Number of signal events, expected background events and observed events in each
event category of the CMS multilepton analysis [221] for B(t → hu) = 0.01. All bins contain
exactly three isolated light charged leptons.
We simulate the processes pp → tt¯ followed by t → hu or t¯ → hu¯ decay, as well as pp → th
and pp → t¯h using MadGraph 5, v1.5.11 [230]. We rescale the leading order cross sections to
the corresponding higher order QCD results. In particular, pp→ tt¯ events are generated using
the default MadGraph dynamical factorization and renormalization scales, and the final cross
section is rescaled to σ(pp→ tt¯) = 245 pb [247]. Single top plus Higgs events are generated using
factorization and renormalization scales fixed to µf = µr = mh + mt, and a QCD correction
factor of KQCD = 1.5 is applied [228]. Higgs bosons and gauge bosons are decayed using
BRIDGE v2.24 [231], where the SM Higgs branching ratios are taken from [42]. Showering and
hadronization are simulated in Pythia v6.426 [232], and Delphes v3.0.9 [233] is used for detector
simulation. We have modified the default implementation of the CMS detector in Delphes by
switching to the anti-kT jet algorithm with distance parameter R = 0.5, by changing the light
charged lepton isolation criteria in accordance with [221], and by implementing the b tagging
efficiencies and mistag rates given in [221] for the medium working point of the Combined
Secondary Vertex (CSV) algorithm.
We apply analysis cuts in accordance with those used in the CMS multilepton search [221]. In
particular, we require the leading charged lepton in each event to have pT > 20 GeV. Additional
light charged leptons must have pT > 10 GeV, and all of them must be within |η| < 2.4. Events
are rejected if they have an OSSF lepton pair with invariant mass m`` < 12 GeV. Jets are
required to have |η| < 2.5 and pT > 30 GeV, and an angular distance ∆R > 0.3 from any
isolated charged lepton candidates.
The results of our simulations are presented in Table 4.1. The most sensitive bins have exactly
three isolated leptons and no hadronically decaying taus. Signal predictions are given for yut =
ytu = 0.13 which corresponds to B(t→ hu) = 0.01. Taking into account the fact that we use a
simplified detector simulation, the predictions for top pair production N(t → hj), are in good
agreement with the results obtained by CMS [221]. This serves as an important cross check of
our simulation.
Table 4.1 confirms that for tuh couplings the contribution of associated th production to the
signal, N(th), is of the same order as the contribution from tt¯ production followed by t → hj
decay, N(t→ hj), as advocated before. Using the CLs method [234], we derive the new 95% CL
limits
B(t→ hc) < 1.5% , (4.5)
B(t→ hu) < 1.0% . (4.6)
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Nb-jets E
miss
T (GeV) N(t→ hj) N(th) Nobs Nexp
1. ≥ 1 50− 100 3.2 1.3 1 2.3± 1.2
2. ≥ 1 30− 50 2.2 0.92 2 1.1± 0.6
3. ≥ 1 ≤ 30 1.9 0.83 2 2.1± 1.1
4. 0 50− 100 2.4 1.1 7 9.5± 4.4
5. ≥ 1 > 100 0.82 0.49 0 0.5± 0.4
6. 0 > 100 0.87 0.52 1 2.2± 1.0
7. 0 30− 50 1.6 0.64 29 21± 10
Table 4.2: Number of signal events, expected background events and observed events in each
event category of the CMS diphoton plus lepton analysis [219] for B(t → hu) = 0.01. All bins
contain exactly one isolated light charged lepton and two isolated photons in the Higgs mass
window.
The corresponding limits on the flavor violating couplings are
√|ytc|2 + |yct|2 < 0.227 and√|ytu|2 + |yut|2 < 0.186. We have checked that the minor difference between Eq. (4.5) and the
CMS result B(t → hc) < 1.28% is due to the contributions of hadronic tau decays which we
do not include in our analysis. Our main conclusion, namely that the limit on B(t → uh) is
more stringent than the limit on B(t→ ch) by a factor of 1.5 due to associated th production,
is unaffected by this omission.
4.3.2 Recasting the CMS Diphoton plus Lepton Search
Recently, CMS has interpreted a search for extended Higgs sectors in the diphoton plus lepton
final state [235] as a constraint on flavor violating tch coupling [219], using 19.5 fb−1 of data
collected at
√
s = 8 TeV. In the following, we use this search to constrain also tuh couplings,
taking into account the contribution from associated top plus Higgs production.
We use MadGraph 5, v1.5.11 [230] to simulate the signal processes induced by tuh couplings,
namely, top pair production followed by anomalous t or t¯ decay as well as associated single t
(and t¯) plus Higgs production. Leptonic top decays as well as Higgs decays to pairs of photons
are simulated using MadGraph where the implementation of the effective hγγ interaction is
adopted from [236]. The SM branching ratio for h→ γγ is taken to be 0.23% [42]. We rescale
the leading order cross sections to the corresponding higher order QCD corrected results as in
Sec. 4.3.1. We simulate showering and hadronization effects in Pythia v6.426 [232] and detector
effects in Delphes v3.0.9 [233]. We use the same implementation of the CMS detector in Delphes
as in Sec. 4.3.1.
We closely follow the CMS search [219] in our analysis. In particular, we require one light
charged lepton with pT > 10 GeV and |η| < 2.4. We require two photons with pT > 40 GeV
(pT > 25 GeV) for the leading (next to leading) photon and |η| < 2.5. The diphoton invariant
mass is required to be between 120 and 130 GeV. Events are categorized into exclusive categories
based on EmissT and on the presence or absence of a bottom-tagged jet.
We summarize the results of our simulations in Table 4.2. The most sensitive bins have a b-
tagged jet and no hadronically decaying taus [219]. The predictions for signal yields are given for
yut = ytu = 0.13 which corresponds to B(t→ hu) = 0.01. We validate our simulation by closely
reproducing the predictions for top pair production followed by anomalous top decay, N(t→ hj),
presented in Table 3 of [219]. Finally, the contribution from associated th production, N(th), is
competitive and thus important in the case of flavor violating tuh interactions. As before, we
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employ the CLs method [234] to derive the new 95% CL limits
B(t→ hc) < 0.66% and B(t→ hu) < 0.45%, (4.7)
where the corresponding limits on the FV Yukawa couplings are
√|ytc|2 + |yct|2 < 0.151 and√|ytu|2 + |yut|2 < 0.125. The obtained limit on tch couplings is in a good agreement with the
CMS result [219].
The search in the diphoton plus lepton final state sets the most competitive current bounds
on flavor violating tqh interactions and will remain very promising for future studies. The
current search is mainly limited by statistics, so that further improvements are expected at
larger integrated luminosities. Improvements are also expected in the data-driven background
estimation by fitting the background shapes from the sidebands around the Higgs mass window
in the diphoton invariant mass [235]. We estimate the expected sensitivity to B(t → hq) at
100 fb−1 (3000 fb−1) and
√
s = 13 TeV to improve by a factor ∼ 4 (∼ 25), based on naive
scaling in cross section and luminosity.
Furthermore, the advantage of this search with respect to other searches is an explicit recon-
struction of the Higgs boson which would be very useful in the case of a positive signal. Finally,
as we will show in Sec. 4.4.1, the origin of the signal (tuh or tch couplings) could be disentangled
by studying the Higgs pseudorapidity distribution and the charges of the light charged lepton
from the top decay.
4.3.3 Recasting the CMS Search for Vector Boson + Higgs Production
In [222], the CMS collaboration has searched for Higgs bosons produced in association with a
W or Z and decaying to τ+τ−. This final state is very similar to the one obtained from single
top + Higgs production, followed by t→ Wb and h→ τ+τ−, and from tt¯ production with one
of the top quarks decaying to (h→ τ+τ−) + j. The CMS search can thus be recast to set limits
on the flavor changing tuh and tch couplings that we are interested in here.
In doing so, we consider only the ``τh final state consisting of two light leptons (electrons or
muons) and one hadronically decaying τ . This final state turns out to be more sensitive than
`τhτh (one light lepton and two hadronic τ ’s) in the CMS search, and is therefore also expected
to give the best sensitivity in our case. In particular, the main competing factors affecting the
relative importance of the ``τh and `τhτh channels—the small leptonic branching ratio of the τ
and the larger fake rate for hadronic τ ’s—affect the h+W, Z channel in the same way as our
t+h final state. CMS also consider final states with four light charged leptons, with at least two
of them consistent with a Z decay. Since in the case of t+h production or tt¯ production followed
by t → hj decay, only events with the suppressed Higgs decay h → ZZ∗ could contribute to
this final state, we do not consider it here.
We simulate the t+ h signal and the top and Higgs decays in MadGraph 5, v2.0.0-beta3 [230].
Since in [222], CMS have used 5.0 fb−1 of data collected at
√
s = 7 TeV as well as 19.5 fb−1 of
data collected at
√
s = 8 TeV, we simulate events for both center-of-mass energies. We rescale
the leading order cross sections to the corresponding higher order QCD corrected results as
in Sec. 4.3.1. We use TAUOLA v2.5 [237] to decay the τ leptons and Pythia v6.426 [232] for
parton showering and hadronization. We choose Delphes v3.0.5 as a detector simulation [233],
and we adapt the default implementation of the CMS detector by adjusting the pT -dependent
τ tagging efficiency and mistag rate to the values given in [238] for the loose working point of
the HPS (“hadron plus strips”) algorithm.
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Figure 4.4: Comparison of flavor violating pp→ (t→Wb) + (t→ hq) and pp→ th signals to
the data from a CMS search for vector boson + Higgs production [222] in the ``τh final state.
We plot the number of events against the invariant mass of the τ jet and the two light leptons,
mvisττ . Data points correspond to the CMS measurement in 5.0 fb
−1 of 7 TeV data and 19.5 fb−1
of 8 TeV data. The stacked shaded histograms show the CMS background prediction, which
is in excellent agreement with our estimates of the ZZ background (red dashed histogram)
and the WZ background (orange dashed histogram, stacked on top of the ZZ and reducible
backgrounds predicted by CMS). The black dotted histogram corresponds to the expected
number of events (our signal prediction plus the CMS background prediction) in a model with
flavor violating (a) top–up–Higgs couplings and (b) top–charm–Higgs couplings at the current
upper limit
√
y2qt + y
2
tq = 0.14 from CMS [219].√
y2ut + y
2
tu B(t→ hu)
√
y2ct + y
2
tc B(t→ hc)
Current limit < 0.16 < 0.70× 10−2 < 0.21 < 1.2× 10−2
Future sensitivity < 0.076 < 0.15× 10−2 < 0.084 < 0.19× 10−2
Table 4.3: Limits on flavor changing tuh and tch couplings from recasting a CMS search for
V +(h→ ττ) production [222] into a search for anomalous t→ jh decays and anomalous single
top + Higgs production using 5.0 fb−1 of 7 TeV and 19.5 fb−1 of 8 TeV data. We also show
the expected sensitivity of a similar search using 100 fb−1 of 13 TeV data.
In accordance with [222] we use the following cuts; we require exactly two light leptons (electrons
or muons), with the pT of the leading lepton larger than 20 GeV and that of the subleading
lepton larger than 10 GeV. Muons are required to have a pseudorapidity |η| < 2.4, while for
electrons the requirement is |η| < 2.5. The leptons must have the same charge to suppress Z
backgrounds, and the flavor combinations µµ and eµ are allowed while ee events are vetoed.
We also require one τ -tagged jet with pT > 20 GeV and |η| < 2.3. Extra jets are allowed,
but events containing a b-tagged jet with pT > 20 GeV and |η| < 2.4 are vetoed to suppress
tt¯ backgrounds. Finally, the scalar sum of the lepton and τ pT ’s is required to be larger than
80 GeV.
To verify our simulation and our analysis, we have also simulated the Standard Model ZZ and
WZ backgrounds. Fig. 4.4 shows that our background predictions are in excellent agreement
with the CMS data [222] and with background predictions by CMS. The figure also shows that
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a t + h signal induced by flavor violating top–Higgs couplings at the current upper limit from
CMS
√
y2ut + y
2
tu = 0.14 would lead to a sizeable excess of events. Quantifying this excess using
the CLs method [234], we find the new 95% CL limits on flavor-violating top Yukawa couplings
given in Table 4.3.
In the same table, we also give an estimate for the sensitivity of a future V + h search using
100 fb−1 of 13 TeV LHC data and assuming identical cuts as in the analysis at 7 and 8 TeV. Since
we cannot reliably model the reducible background from fake leptons, we assume it to be of the
same size and have the same mvisττ distribution as the WZ background. The larger instantaneous
luminosity and larger pileup at 13 TeV may require somewhat harder cuts and could lead to
increased backgrounds from misidentified jets. We expect, however, that these complications
can be offset by further improvements of the analysis, for instance using multivariate techniques.
4.4 Sensitivity of Future Searches
4.4.1 Future Multilepton Searches and Discrimination between tch and tuh
Couplings
In this section, we study the potential of future multilepton searches at 13 TeV center of mass
energy to constrain anomalous tqh interactions or to establish their existence. Furthermore,
we study the ability to differentiate between tuh and tch couplings based on the presence or
absence of large contributions from associated single top plus Higgs production to the signal.
We closely follow the analysis conducted in Sec. 4.3.1. In particular, we use the same lepton
and jet reconstruction and isolation requirements as before. An optimized search at 13 TeV
will have slightly different requirements, such as somewhat higher lepton pT thresholds, but we
expect these to have only a minor impact on the sensitivity. We require exactly three light
charged leptons in the final state. In order to differentiate between tch and tuh signals, we
bin the data further with respect to two variables: (1) the total sum of lepton charges Qtot,
1
and (2) the pseudorapidity η`` of the opposite charge dilepton system with the smallest angular
distance ∆R`` ≡
√
∆η2`` + ∆φ
2
``. We expect a tuh signal to have a preference for Qtot = +1 due
to a substantial contribution from the process ug → th, while tch couplings yield approximately
equal numbers of events with Qtot = +1 and Qtot = −1. The idea behind the variable η``
is that the two leptons with the smallest ∆R have the highest probability of originating from
h → WW ∗ decay (as opposed to a semileptonic top decay), so that η`` is an approximation
to the pseudorapidity of the Higgs boson in the event, which we have seen in Sec. 4.2 to be a
promising discriminant between tuh and tch couplings. To illustrate the correlation between η``
and the Higgs rapidity ηh, we have carried out a parton level simulation of the process ug → th
followed by h → WW ∗ → ``νν and t → Wb → `νb using MadGraph 5, v1.5.11 [230]. In
Fig. 4.5 we show the resulting distributions for ηh, η`` and η``h . The latter quantity is defined
as the rapidity of the dilepton system that actually originates from Higgs decay. We see that,
indeed, η`` nicely follows ηh. Since we have already seen in Sec. 4.2 and Fig. 4.3 that ηh is an
efficient discriminator between tuh and tch couplings, we can expect the same to hold for the
experimentally accessible quantity η``. We use two bins in η``: |η``| > 1 and |η``| < 1.
Recalling the results of the analysis from Sec. 4.3.1 based on real CMS data, we concentrate
on the event categories that we have found to be most sensitive: we consider only events with
1For related work see [239].
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Figure 4.5: For a parton level sample of ug → th events with the decay chain h→ WW ∗ →
``νν and t → Wb → `νb, we show the distributions of the Higgs pseudorapidity ηh (red
dashed), the pseudorapidity of the dilepton system from Higgs decay η``h (black dotted) and
the pseudorapidity of the dilepton system η`` with the smallest angular distance ∆R`` (blue
solid). Here we have assumed ytu = yut = 0.13, a hadronic center of mass energy of 13 TeV and
an integrated luminosity of 1 fb−1.
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Figure 4.6: Conservative estimates for the performance of an LHC search for flavor violating
top–Higgs couplings in the multilepton channel at 13 TeV center of mass energy. Thick solid
lines represent the expected 95% CL exclusion limits on B(t→ hc) (blue) and B(t→ hu) (red)
as a function of integrated luminosity. Thick dotted curves show the 5σ discovery potential.
For tuh (tch) couplings above the thin dashed curves, the tch (tuh) hypothesis can be excluded
at 95% CL based on the different distributions of the dilepton rapidity η`` and the total charge
Qtot. The discrimination power of these variables comes from the presence or absence of the
process ug → th. Since we treat the overall normalization of the background as an unconstrained
nuisance parameter, our sensitivity projections are very conservative.
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exactly three light charged leptons that fall into the “above Z” , “no OSSF” or “below Z” cat-
egories; in the latter case we also require EmissT > 50 GeV. Moreover, we require at least one
b-tagged jet. The dominant background in all categories is from fully leptonic tt¯ events with
a jet misidentified as a lepton [221]. We simulate pp → tt¯ → `+`−νν¯bb¯ at 8 TeV and 13 TeV
center of mass energy using MadGraph 5, v1.5.11 [230] and normalize the corresponding pp→ tt¯
cross sections to the NNLO QCD corrected values of σ(pp → tt¯) = 245 (806) pb [247], respec-
tively. Showering, hadronization and detector effects are simulated using Pythia v6.426 [232]
and Delphes v3.0.9 [233] as in Sec. 4.3.1. Following the procedure recommended by CMS [221],
we model fake leptons by randomly converting an isolated track to a lepton with the measured
conversion probability of 0.007 (0.006) for electron (muon) tracks. To check the validity of this
approach, we first compare our 8 TeV predictions to CMS results [221] in the dilepton control
region that requires an opposite-sign eµ pair. We obtain good agreement with the HT and E
miss
T
distributions shown in Fig. 1 and Fig. 2 of [221]. Second, we have checked that we agree with
CMS, at the level of 30–40%, on the EmissT distributions (provided in [221]) of the tt¯ background
in the “noOSSF”, “above Z” and “below Z” signal regions with low and high HT and with at
least one b-tagged jet. The main difficulty in reproducing the background more precisely is the
modeling of lepton misidentification. Therefore, our quantitative results should be considered
with care, and a dedicated experimental analysis is clearly necessary to obtain more precise
predictions. We note in passing that the irreducible SM background coming from associate top
+ Higgs production with a cross-section of σSMth ' 74 fb at 13 TeV LHC2 is only expected to
become relevant once the sensitivity reaches B(t→ hq) ∼ 10−4 .
Our predicted signal and background yields at 13 TeV center of mass energy are shown in
Table 4.4 for an integrated luminosity of 100 fb−1, and for B(t → hu) = 0.01. The most
sensitive bins fall into the “below Z” categories. It is worth noting that single top + Higgs
production (N(th) column in Table 4.4) tends to populate preferably bins with Qtot = +1 and
|η``| > 1, while the background (N(BG) column) and the t → qh signal (N(t → hj) column)
are much more evenly distributed. This is of crucial importance in discriminating between the
tuh and tch signal hypotheses.
To estimate the achievable sensitivity and discovery reach for flavor violating top–Higgs cou-
plings, we use the CLs method [234], treating all bins as statistically independent Poisson
variables. We treat the overall normalization of the background as a nuisance parameter (pos-
itively correlated among all bins) to account for the uncertainty in our modeling of the lepton
misidentification probability. We do not impose any a priori constraints on the nuisance param-
eter, i.e. we determine it in the analysis together with the signal parameters, taking advantage
of the fine-grained binning of the simulated data. Since in a realistic experimental analysis, the
misidentification rate can be measured from a Z+jets control sample [221], our projected limits
should be considered as very conservative.
The results of our statistical analysis are plotted in Fig. 4.6. Expected 95% CL limits on
B(t → hu) [B(t → hc)] in the absence of a signal are shown as red (blue) thick solid curves.
The expected 5σ discovery potential for a tuh (tch) signal is shown as a red (blue) thick dotted
curve. The discrimination power between tuh and tch couplings is shown as thin dashed curves.
For pure tuh (tch) couplings above the red (blue) thin dashed curve, the opposite hypothesis of
pure tch (tuh) couplings can be ruled out at the 95% CL.
From the coincidence of the thick dotted curves and the thin dashed ones we conclude that, if a
tqh signal is discovered (i.e. the BG only hypothesis is rejected at 5σ), the discrimination power
2This value corresponds to the inclusive pp→ thj production cross section calculated in MadGraph 5, v2.0.0-
beta3 [230] using 5-flavor parton distribution functions and after applying a QCD correction factor of KQCD =
1.1 [240].
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HT (GeV) E
miss
T (GeV) |η``|
N(BG) N(t→ hj) N(th)
Qtot Qtot Qtot
−1 +1 −1 +1 −1 +1
on OSSF
≤ 200
< 50
< 1 61 67 20 19 2.5 7.4
> 1 58 59 16 18 2.7 13
50− 100 < 1 82 83 22 22 3.6 9.6
> 1 77 88 20 21 2.9 16
> 100
< 1 34 32 7.0 5.7 1.2 3.7
> 1 35 27 4.3 4.5 0.9 6.6
> 200
< 50
< 1 17 25 3.6 3.6 0.1 0.8
> 1 19 21 2.3 2.1 0.2 1.3
50− 100 < 1 35 30 4.7 5.3 0.2 0.8
> 1 29 27 4.0 3.7 0.2 1.7
> 100
< 1 26 18 2.8 2.9 0.6 1.5
> 1 21 18 1.8 1.8 0.2 2.8
below Z
≤ 200
50− 100 < 1 100 96 51 49 7.6 22
> 1 83 93 42 42 7.3 34
> 100
< 1 36 42 12 15 1.8 8.6
> 1 40 41 11 9.9 2.2 13
> 200
50− 100 < 1 36 31 9.5 11 0.8 2.3
> 1 23 20 7.8 10 0.6 3.7
> 100
< 1 22 20 8.1 7.7 0.6 3.1
> 1 15 14 4.3 4.6 0.5 6.1
above Z
≤ 200
< 50
< 1 42 39 7.8 7.9 1.3 3.1
> 1 62 55 7.1 7.4 1.4 6.4
50− 100 < 1 41 50 9.9 6.9 1.0 4.2
> 1 68 71 8.2 8.8 1.2 7.9
> 100
< 1 20 21 2.1 2.3 0.5 2.6
> 1 26 34 2.2 3.0 0.3 4.2
> 200
< 50
< 1 21 17 1.7 1.2 0.1 0.3
> 1 29 27 1.7 1.9 0.0 0.9
50− 100 < 1 22 28 2.4 2.6 0.2 0.3
> 1 30 25 1.5 2.0 0.2 1.1
> 100
> 1 15 18 1.4 1.3 0.2 1.0
< 1 22 20 1.7 0.7 0.1 2.1
Table 4.4: Number of predicted signal and background events per bin for a multilepton
analysis using 100 fb−1 of 13 TeV data. We have assumed B(t → hu) = 0.01. The column
labeled N(t → hj) shows the signal contribution from t + (t → hq) events, while the column
labeled N(th) contains the signal from single top plus Higgs production. The column labeled
N(BG) is the expected background from SM tt¯ events with a jet misidentified as a lepton.
For flavor violating tch instead of tuh couplings, N(t → hj) remains unchanged, while N(th)
becomes negligible because the process gc → th compared to gu → th by the small parton
distribution function for charm quarks.
between tuh and tch couplings is already at the level of 2σ. It is interesting that this remarkable
performance is achieved in spite of the rather generic, unoptimized cuts in this multi-purpose
multilepton analysis and of our rather conservative treatment of systematic uncertainties.
4.4.2 Searches in the Fully Hadronic Final State
The final state with the largest branching ratio in t+h production and t→ hq decay is the fully
hadronic one. Modern jet substructure techniques [241–243] offer promising tools to extract this
signal from the otherwise overwhelming background of QCD multijet events, SM tt¯ and single
top production and vector boson plus jets production. They are efficient when the top quarks
and Higgs bosons constituting the signal are highly boosted so that the angular separation
Chapter 4. Top – Higgs Flavor Violation at LHC 71
of their decay products is too small to be resolved by conventional jet algorithms. Instead,
jet substructure methods use “fat jets”, i.e. jets with a very large radius R. After the initial
clustering, the fat jet is partially unclustered again to examine the invariant mass of its largest
subclusters. Comparing these invariant masses to the masses of possible parent particles such
as top quarks, Higgs bosons or W bosons, the algorithm decides how probable it is that the fat
jet was produced by one of these parent particles.
Here, we study the sensitivity of two analyses using jet substructure: (1) a search for tt¯ events
with one SM top decay and one flavor violating decay t → j + (h → bb¯); (2) a search for
anomalous single top + Higgs production with SM top decay and h→ bb¯.
In both analyses, we use the Cambridge-Aachen algorithm [244] as implemented in FastJet 3.0.3
[245] to cluster fat jets with a radius R = 1.5 and a minimum transverse momentum pT >
170 GeV. We run HEPTopTagger v1.0 [242, 243] with default settings on these jets to identify
those which are most likely to originate from a SM hadronic top decay t → b + (W → jj).
HEPTopTagger imposes cuts on the invariant masses of the three main subjets of the top
candidate, requiring that two of them reconstruct to a W , while all three together yield the top
mass. Moreover, their combined pT has to exceed 200 GeV. In addition to these kinematic cuts,
we also require the subjet that is most likely to originate from the b quark to contain a b tag
(see Appendix G for details on our implementation of b-tagging).
4.4.2.1 Analysis 1: th tag + top tag
To identify flavor violating decays t → j + (h → bb¯) for analysis 1) and assign a “th” tag to
the corresponding fat jets, we reprocess all fat jets using a modified version of HEPTopTagger,
which we have optimized for this non-standard decay mode (see Appendix G). We require a b
tag in each of the two subjets most likely to originate from the Higgs decay. We consider two
different working points for our th tagger: a loose one with very robust kinematic cuts on the
subjet invariant masses, and a tight one with somewhat more restrictive cuts that make it more
efficient at suppressing backgrounds, but also more prone to systematic uncertainties in our
simulations. Details on the kinematic cuts are given in Appendix G. A tight th tag moreover
requires that the fat jet does not simultaneously carry a regular top tag.
Event selection for analysis 1 requires one fat jet with a loose or tight th tag and a second fat
jet with a top tag.
We consider the backgrounds from tt¯ production, single top production and QCD multijet
production, but we have checked that W + jets, Z + jets, tt¯ + h and SM single top + Higgs
contributions are several orders of magnitude smaller than these dominant backgrounds. To
simulate the tt¯ and multijet backgrounds, we use Sherpa 1.4.3 [246] at leading order. For
tt¯, we rescale the cross section to the NNLO value σ(pp → tt¯) = 806 pb [247], while QCD
multijet events are rescaled by a factor K = 1.05, which has been empirically found to bring
Sherpa predictions into agreement with data [248]. We note that in a realistic experimental
analysis, backgrounds could be estimated directly from data. For tt¯ and single top events,
semileptonic final states offer a good control sample, while for QCD jet production, anti-b-tags
can be employed to define a control region. For the simulation of the SM single top background
and of the signal we use MadGraph 5, v2.0.0-beta3 [230], followed by Pythia v6.426 [232] for
parton showering and hadronization.
The predicted event counts after cuts from analysis 1 are shown in the upper part of Table 4.5
for
√
y2qt + y
2
tq = 0.1 and assuming 100 fb
−1 of 13 TeV data. The predicted CLs sensitivity
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Background
√
y2ut + y
2
tu = 0.1
√
y2ct + y
2
tc = 0.1
tt¯ single-t QCD t→ hu t+ h t→ hc t+ h
Analysis 1: th tag + top tag
loose th tags 3 510 5.5 125 70 4.0 69 0.57
tight th tags 324 0.52 85 28 1.1 26 0.15
Analysis 2: Higgs tag + top tag
preselection 14 800 113 4 125 152 120 209 14.0
final cuts 450 2.3 71 6.9 32.6 8.4 1.1
Table 4.5: Predicted signal and background event rates in 100 fb−1 of 13 TeV data for the
different variants of our fully hadronic analysis.√
y2ut + y
2
tu B(t→ hu)
√
y2ct + y
2
tc B(t→ hc)
Analysis 1: th tag + top tag
loose th tags < 0.14 < 0.50% < 0.14 < 0.53%
tight th tags < 0.13 < 0.43% < 0.13 < 0.48%
Analysis 2: Higgs tag + top tag
final cuts < 0.12 < 0.36% < 0.24 < 1.5%
Table 4.6: Projected sensitivity of searches for anomalous t→ jh decays and anomalous single
top + Higgs production in the fully hadronic final state, using 100 fb−1 of 13 TeV data. See
text for a detailed explanation of the different analyses.
of the analysis is summarized in the upper part of Table 4.6. We see that an analysis of
the fully hadronic final state can improve upon the current limits on flavor violating Higgs
couplings, and that the future sensitivity is only slightly worse than the one expected from
analyses involving leptons. A combined analysis of leptonic and hadronic final states would
therefore seem worthwhile. Moreover, the hadronic channel would provide a crucial cross-check
in case a signal is discovered in one of the other searches.
4.4.2.2 Analysis 2: Higgs tag + top tag
For analysis 2, we identify events in which a Higgs boson is directly produced (“Higgs tag”)
by using the mass drop tagger implemented in FastJet 3.0.3 [245]. Following [245], we require
the two subjets obtained when the last step of clustering is undone to have jet masses at least
a third smaller than the mass of the original fat jet. In addition, we require the asymmetry
parameter y [245] to be larger than 0.09, thus making sure that both subjets have a sizeable
angular separation and each of them carries a substantial fraction of the fat jet pT . If the latter
is not the case for one of the subjets, it is discarded and the algorithm is restarted with the
other subjet as input. To remove contamination from pile-up and from the underlying event
(which we do not explicitly simulate), we filter the fat jet by reclustering it with a smaller radius
and keeping only the three hardest constituents (see Refs. [245, 249] for details). We require b
tags in the two hardest of them.
After top tagging and Higgs tagging, we preselect events by requiring that at least one fat jet
in the event carries a Higgs tag and at least one of the remaining fat jets carries a top tag.
We define the Higgs candidate as the hardest Higgs-tagged fat jet and the top candidate as the
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Figure 4.7: Kinematic distributions of events that pass the preselection of our search for t+h
production in the fully hadronic final state. We show (a) the invariant mass mH and (b) the
pseudorapidity ηh of the fast jet identified as the Higgs candidate.
hardest top-tagged fat jet different from the Higgs candidate. If the hardest Higgs-tagged fat
jet is the only fat jet carrying a top tag, we take it to be the top candidate and use the next-to-
hardest Higgs-tagged fat jet as the Higgs candidate. Event counts after preselection are given in
Table 4.5, and the distributions of two important kinematic quantities—the invariant mass mH
and the pseudorapidity ηh of the Higgs candidate—are shown in Fig. 4.7 for
√
y2ut + y
2
tu = 0.1.
As expected, mH peaks around the true value of the Higgs mass for the signal, while showing no
distinct features for the background. The forward bias of the ηh distribution for signal events is
again related to angular momentum conservation in the center of mass frame and the net boost
of that frame in the direction of the incoming up quark in the process gu → th (see Sec. 4.2
for details), making ηh again a good discriminant between tuh and tch couplings. The mH
and ηh distributions shown in Fig. 4.7 suggest the final cuts 100 GeV < mH < 130 GeV and
|ηh| > 1.5. We see from the predicted event counts in the last row of Table 4.5 that the signal-to-
background ratio S/B is substantially improved by these cuts. Even though the signal-to-square
root background ratio S/
√
B is similar before and after the final cuts, this improvement makes
the search much more robust with respect to systematic uncertainties.
From the event counts in Table 4.5 and the projected sensitivities in Table 4.6, we see that
analysis 2 outperforms analysis 1 in the case of tuh couplings, but is not competitive for tch
couplings, as expected. It could therefore be an important ingredient in a multi-channel search
for tuh couplings, and an important cross check in case a signal is found in a different channel.
4.5 Discussion and Conclusions
We have investigated the sensitivity of the LHC to flavor violating top–Higgs interactions.
Since these interactions are highly suppressed in the SM, a positive signal at the LHC would
constitute a clear sign of new physics, for instance in the form of additional Higgs bosons or
nonrenormalizable couplings of the Higgs.
While existing experimental searches have mainly concentrated on anomalous top decays t→ hq,
we have shown that anomalous single top plus Higgs production is almost as important in the
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√
y2ut + y
2
tu B(t→ hu)
√
y2ct + y
2
tc B(t→ hc)
New limits from existing data
Sec. 4.3.1: Multilepton < 0.19 < 1.0% < 0.23 < 1.5%
Sec. 4.3.2: Diphoton plus lepton < 0.12 < 0.45% < 0.15 < 0.66%
Sec. 4.3.3: Vector boson plus
Higgs
< 0.16 < 0.70% < 0.21 < 1.2%
Projected future limits (13 TeV, 100 fb−1)
Sec. 4.3.3: Vector boson plus
Higgs
< 0.076 < 0.15% < 0.084 < 0.19%
Sec. 4.4.1: Multilepton < 0.087 < 0.22% < 0.11 < 0.33%
Sec. 4.4.2: Fully hadronic < 0.12 < 0.36% < 0.13 < 0.48%
Table 4.7: Summary of our new limits on flavor violating tuh and tch couplings from the CMS
multilepton search, diphoton plus lepton search and vector boson plus Higgs search, as well as
the projected sensitivities in a future multilepton search, a vector boson plus Higgs search and
an analysis of fully hadronic final states using 100 fb−1 of 13 TeV data. See text for a detailed
explanation of the different analyses.
case of tuh couplings and therefore offers a promising avenue for further improvements in the
sensitivity. Single top + Higgs production is less relevant for probing tch interactions due to
the suppressed charm quark parton distribution in the proton.
In Sec. 4.3, we have recast existing searches for multilepton [221], diphoton + lepton [219] and
vector boson + Higgs [222] final states to derive improved limits on tuh couplings, including
the contribution form single top + Higgs production. Our best limits on the branching ratio
B(t → hu) < 0.45% and the Yukawa couplings y2ut + y2tu < 0.014 come from the diphoton plus
leptons final state and are a factor 1.5 stronger than the previously derived limits on B(t→ hc)
and y2ct + y
2
tc. Limits from multileptons and vector boson + Higgs searches are slightly weaker,
but still competitive. Our new limits are summarized in the upper part of Table 4.7.
In the second part of the paper, Sec. 4.4, we have investigated possible future improvements
of searches for flavor violating top–Higgs couplings, including the development of a completely
new search strategy in fully hadronic final states. We have shown that multilepton, diphoton +
lepton and vector boson + Higgs searches can substantially improve the current bounds and may
have the potential to distinguish tuh couplings from tch couplings at the 2σ level once a signal
is discovered at 5σ. This is possible because, in the case of tuh couplings, the process ug → th
contributes significantly to the signal. In this process, the Higgs boson tends to be produced
with a large forward boost, while in all other signal processes the Higgs rapidity distribution
is more central. Moreover, ug → th leads to an asymmetry of the total charge of the final
state leptons. For tch couplings, the corresponding process cg → th is suppressed by the parton
distribution function of the charm quark and is therefore negligible.
Regarding the fully hadronic processes (t → bjj) + (h → bb¯) and t → j + (h → bb¯), we have
developed an analysis using jet substructure techniques to tag SM top decays, h→ bb¯ decays and
t→ j+(h→ bb¯) decays. We find that backgrounds can be suppressed efficiently in such a search,
leading to a sensitivity that is competitive to that of searches with leptonic or semileptonic final
states. Our projected future limits are summarized in the lower part of Table 4.7.
For completeness we note that several other LHC processes exhibit potential sensitivity to flavor
violating top–Higgs interactions. For example, tuh couplings can lead to an enhancement of
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di-Higgs production at tree level through u–u collisions with t-channel top exchange. However,
in this case the relevant cross-section scales with the fourth power of the flavor violating Yukawa
couplings, and at the current upper limit the resulting effect is already subleading compared
to the (already very suppressed) SM rate [250].3 Similarly, same-sign top production from u–u
scattering via Higgs exchange in the t-channel is expected to be below the current experimental
sensitivity (cf. [253]) given currently allowed values of ytu,ut.
To summarize, several signatures of flavor violating tqh interactions at the LHC which we
have studied in the present paper exhibit comparable prospects to constrain or discover such
phenomena. Moreover, it may be possible to even discriminate between tuh and tch signals by
exploiting the presence of absence of the partonic process ug → th. When multiple searches
are combined into a global analysis, they could allow the LHC experiments to probe the flavor
violating top–Higgs interactions well into the region of B(t→ hj) . 0.1%.
3Using FeynArts and FormCalc [251], we have also checked that possible ytq,qt loop contributions to gluon
fusion induced di-Higgs production [252] are negligible given current constraints on these couplings.

Chapter 5
Higgs portal to Dark Matter
As we discussed in the introduction, the narrow resonance with mass mh ' 125 GeV that was
recently discovered at the LHC [40, 41] is a scalar and has interactions consistent with those of
the Standard Model Higgs boson. At present the experimental uncertainties are still relatively
large and even O(1) deviations with respect to the SM couplings are possible. One of the more
intriguing possibilities is that the Higgs could couple to dark matter (DM).
The argument in favor of this possibility is quite general. Assuming that the discovered scalar
is part of the Higgs electroweak doublet H, then H†H is the only gauge and Lorentz invariant
relevant operator in the SM. As such it can act as the “Higgs portal” to DM [180]. The
experimental searches place a number of nontrivial constraints on this idea. A pivotal parameter
in the constraints is the DM mass. If DM is light, mDM < mh/2, then Higgs can decay into DM.
The resulting invisible decay width of the Higgs is bounded at 95% CL to B(h → invisible) <
0.19(0.38) from global fits with the Higgs couplings to the SM fermions fixed to their SM values
(varied freely while also allowing new particles in loops) [181] (see also [84]). This is a nontrivial
constraint, since the SM Higgs decay width is so narrow. It essentially requires – with some
caveats to be discussed below – that the Higgs coupling to DM needs to be smaller than roughly
the SM bottom Yukawa coupling, yb ∼ O(0.02). This then insures that the invisible branching
ratio is smaller than the dominant channel, h→ bb¯.
On one hand we thus have a requirement that the Higgs should not couple too strongly to light
DM. On the other hand, one needs O(1) couplings of Higgs to DM in order to obtain the correct
thermal relic density. The tension between the two requirements leads to the apparent conclusion
that the Higgs portal models with light DM are excluded. This was shown quantitatively in [182]
for the simplest models by assuming that Γinvisibleh . 0.2ΓSMh ' 0.8 MeV. Relaxing this bound
by a factor of a few does not change the conclusion.
For heavier DM, mDM > mh/2, the bound on the invisible decay width of the Higgs is irrelevant.
In this case one can search for DM using direct and indirect detection experiments. Existing
constraints from direct DM detection are not stringent enough, but the next generation ex-
periments are expected to cover most of the remaining viable parameter space [183], with the
exception of the parity violating Higgs portal where DM is a fermion [184]. This, on the other
hand, can be covered in the future using indirect DM searches [184].
Based on reference [3], we study the implications of an invisible Higgs decay signal (and the
absence thereof so far) for light thermal relic DM. Are there still viable Higgs portal models
with light DM? What modifications of the simplest models [182] are needed? The conclusion
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that the simplest versions of the Higgs portal are excluded by the bound on B(h → invisible)
utilizes effective field theory (EFT). The conclusion therefore relies on the assumption that
an EFT description with the SM particles and DM as the only relevant dynamical degrees of
freedom is valid both for the relic abundance calculation as well as for direct DM detection
and Higgs phenomenology. For viable DM Higgs portals then either the EFT description (with
na¨ıve power counting) must be violated, or the invisible decay width of the Higgs is naturally
suppressed. As we will show below this implies that given present experimental constraints, the
Higgs can couple significantly to thermal relic DM with mass less than half of the Higgs only
if there are other light particles in the theory (barring fine-tuned situations). In turn, should a
nonzero invisible Higgs decay eventually be found and interpreted as a decay to thermal relic
DM particles, then other new light particles need to be discovered.
To demonstrate this we first show in Section 5.1 that extending the EFT description to higher
dimensional operators but not enlarging the field content does not change the conclusions about
the minimal DM Higgs portals if h →DM+DM decay is allowed. In Section 5.2 we then show
that for models where the two body Higgs decays to dark sector are forbidden, the scale of the
EFT is small, Λ ∼ O(few 100 GeV). This again implies that viable Higgs portals of DM require
new light degrees of freedom beyond SM+DM. In Section 5.3 we in turn give three examples of
viable Higgs portal models of DM. Two models, described in subsections 5.3.1 and 5.3.2, can
be matched onto EFT since the additional degrees of freedom are heavier – though not much
heavier – than the Higgs. The two models do require fine-tuned cancellations in order to avoid
experimental constraints. A model discussed in subsection 5.3.3, on the other hand, requires no
such tunings. It contains, however, a particle lighter than DM and therefore violates the EFT
assumptions. We summarize our conclusions in Section 5.4. Details on direct DM detection and
relic abundance calculations are relegated to the Appendix F.
5.1 Higgs portals in Effective Field Theory
We start by reviewing the minimal Higgs portal scenarios. The SM is enlarged by a single
neutral (DM) field, odd under a Z2 symmetry. In the following we consider DM with spins up
to and including spin 1, i.e. the possibility that DM is a scalar, φ, a fermion, ψ or a vector, Vµ.
The dominant interactions of DM with the SM are in each case, respectively,
H0eff = λ′H†H × φ†φ , (5.1a)
H1/2eff =
cS
Λ
H†H × ψ¯ψ + icP
Λ
H†H × ψ¯γ5ψ , (5.1b)
H1eff = HH†H × V µVµ . (5.1c)
After electroweak (EW) symmetry breaking
H†H → 1
2
(v2EW + 2vEWh+ h
2) , (5.2)
where vEW ' 246 GeV is the electroweak condensate and h the Higgs boson. We see that the
scalar and vector DM have renormalizable Higgs portal interactions with the SM. For fermion
DM these interactions start only at dimension 5. In Eq. (5.1b) Λ is the scale at which the
non-renormalizable DM-Higgs interactions are generated. In principle one can also write down
higher dimensional operators that supplement (5.1a)-(5.1c), but are suppressed by more powers
of Λ. The minimal Higgs portal models of DM assume Λ vEW,mDM, such that the expansion
vEW/Λ makes sense and (5.1a)-(5.1c) are the dominant contributions to DM-SM interactions in
Chapter 3. Higgs portal to Dark Matter 79
the early universe and current experiments. As shown in [182], in all such models with light DM
(mDM . mh/2), the observed DM relic abundance is in conflict with the experimental bounds
on the invisible decay width of the Higgs, while in the region mDM > mh/2, direct DM detection
experiments are beginning to exclude the remaining parameter space.
But would the situation change if the vEW/Λ expansion would not start at the lowest order,
Eqs. (5.1a)-(5.1c)? Can higher dimensional Higgs-DM operators [185] open new possibilities to
reconcile Higgs portal DM with current experimental constraints? To answer this question we
first perform a na¨ıve dimensional analysis of the relevant processes based solely on the canonical
dimension (d = 4+n) of the relevant interaction operator. For mDM  mh/2 the invisible Higgs
branching fraction scales as
B(h→ invisible) ∼ 103
(mh
Λ
)2n
, (5.3)
where the overall normalization, 103 ∼ 1/y2b , is set by the total width of the SM Higgs. In (5.3)
we used vEW ∼ mh, assumed that all dimensionless DM–Higgs couplings are O(1), and also
assumed two-body h→ invisible decay kinematics. In comparison, the current constraints from
direct DM detection experiments give
〈σdir〉
〈σdir〉excl. ∼ 10
2
(mh
Λ
)2n(mDM
mh
)m
β2m
′
, (5.4)
where m,m′ are non-negative integers, while the numerical pre-factor is simply the translation
of the experimental limit due to XENON100 [186] and will increase in the future. Note that
(5.4) assumes spin independent scattering since this is stronger than spin dependent one. The
suppression in terms of mh/Λ is the same as for B(h→ invisible), but depending on the operator
structure there may be additional suppressions from typical DM velocity in the galactic halo,
β ∼ 10−3, or from DM mass insertions, mDM/mh. Both of these factors are smaller than one,
therefore we conclude that at present for light DM the Higgs constraints are stronger than direct
DM detection constraints for any operator dimension.
If DM is a thermal relic, then its abundance is fixed by thermal DM annihilation cross-section
at the time of freeze-out,
〈σann.v〉 ∝
y2f
m2h
(mh
Λ
)2n(mDM
mh
)k
, (5.5)
where yf is the SM Yukawa coupling for the heaviest open SM fermion channel, and k > kmin =
0(2) for scalar and vector (fermion) DM with the equality sign for the lowest dimensional
operators. In (5.5) we neglected relative velocity suppressions, vr ∼ 0.4, and as before set
all Wilson coefficients to be O(1). In order to obtain the correct relic density, 〈σann.v〉 '
3 · 10−26cm3/s, with ΩDM ∝ 1/〈σann.v〉. From Eq. (5.5) we then see that the correct relic
density requires the scale Λ to be lower if the dimensionality n of the operator setting the
annihilation cross section is higher. The scaling of Br(h→ invisible) in terms of Λ is the same
as for 〈σann.v〉, so that for the correct relic density one has( Binvis.h
〈σann.v〉
)
n
∼
(
mh
mDM
)k−kmin ( Binvis.h
〈σann.v〉
)
nmin
, (5.6)
where nmin = 4(5) for scalar and vector (fermion) DM. Since k−kmin > 0, the Higgs constraints
can only become stronger if the Higgs portal proceeds through higher dimensional operators. As
a result, the higher dimensional operators cannot reconcile Higgs portal DM with the bounds
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on invisible Higgs branching ratio as long as h → DM + DM is possible and all couplings are
O(1).
5.2 Suppressed Higgs decays to dark sector
In the previous section we saw that B(h→ invisible) places strong constraints on Higgs portals
of DM. The analysis relied on two assumptions, i) that h→DM+DM decay is possible, and ii)
that DM is the only light new physics particle. In this section we investigate in more details
the first assumption, while the second assumption will be relaxed in the subsequent section. In
the remainder of this section we therefore assume that h→DM+DM decay is forbidden either
accidentally or due to the structure of the theory.
There are three possibilities to suppress the h →DM+DM decay. The first one is to assume
DM annihilation to SM particles proceeds predominantly through operators not involving the
Higgs. This possibility is orthogonal to the basic idea of a Higgs portal. It has also been
studied extensively (c.f. [187]) and we do not pursue it any further. The second possibility is
that the h →DM+DM decay is kinematically forbidden simply because DM is heavy enough,
mDM > mh/2. The final possibility is that DM couples through a special subset of Higgs portal
operators, such that h →DM+DM decay is forbidden, while h →DM+DM+XSM is allowed,
where XSM denotes one or more SM particles in the final state. We set aside the model building
question of how this is arranged in the UV theory and work within EFT. The y2b suppression
of the SM Higgs decay width is roughly of the same size as the phase space suppression from
one or two additional final state particles. One may thus expect that O(1) couplings between
DM and the Higgs would give at the same time the correct relic abundance as well as small
enough B(h→ 2DM +X). Below we go through a list of possible operators, and as we will see
a number of them are not excluded by direct and indirect DM detection constraints.
The simplest effective interactions generating h→ DM + DM +XSM decays are built from the
Higgs vector current
H†
←→
D µH ≡ H†←−DµH −H†−→DµH → ig
2cW
(v2EW + 2vEWh + h
2)Zµ , (5.7)
where cW = cos θW , with θW the weak mixing angle. The operators of the lowest dimension
are [185]
H0eff =
cφ
Λ2
H†
←→
D µH × φ†←→∂ µφ , (5.8a)
H1/2eff =
cVψ
Λ2
iH†
←→
D µH × ψ¯γµψ +
cAψ
Λ2
iH†
←→
D µH × ψ¯γµγ5ψ , (5.8b)
H1eff =
cV
Λ2
iH†
←→
D νH × Vµ←→∂ νV µ . (5.8c)
For example, they appear in models where the DM is charged under a hidden U(1) gauge
symmetry (spontaneously broken above the weak scale), exhibiting kinetic mixing with the SM
hypercharge [188]. These operators induce a three body decay h → DM + DM + Z, where for
Z → νν¯ the decay would be completely invisible. They do not lead, however, to two body
invisible decay h→ DM + DM. The three body Higgs decay is kinematically allowed if mDM <
(mh −mZ)/2 ' 17 GeV. Such a light DM is subject to bounds from Z → Emiss measurements
at LEP [190]. Requiring the correct relic density this constrains mDM > 24(34) GeV for scalar
(vector) DM, and mDM > 14(31) GeV for fermionic DM with vector (axial-vector) interaction.
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Figure 5.1: The spin independent DM-nucleon cross sections (dashed-blue) induced by Higgs
vector current operators (5.8) after requiring correct thermal relic density ΩDMh
2 = 0.1186 ±
0.0031 [189] for scalar DM (top left), vector DM (top right) and fermion DM with vector (bottom
left) couplings. Bottom right panel shows the spin dependent cross section for fermion DM with
axial vector couplings. The current XENON100 [186] and projected future XENON1T bounds
[183] are denoted by dot-dashed and solid red lines, respectively. The shaded blue regions
indicate where the EFT description breaks down (Λ < 2mDM ).
The operators in Eq. (5.8) are also subject to severe direct DM detection constraints from
Z-mediated DM scattering on nuclei (for details see Appendix F). In Fig. 5.1 we show the
predicted spin independent DM-nucleon cross sections (dashed blue lines) after requiring the
correct thermal relic density ΩDMh
2 = 0.1186± 0.0031 [189]. The shaded blue regions indicate
the validity of EFT, i.e., that Λ ≥ 2mDM. With the exception of fermionic DM with purely
axial-vector interaction (cVψ = 0) all parameter space allowed by relic density is excluded by
XENON100 [186] (dot-dashed red lines). For fermionic DM with purely axial-vector interactions
the spin-dependent cross section is plotted in Fig. 5.1, bottom right panel, since the SI cross-
section is velocity suppressed. The result is compared to recent XENON100 bound on SD
DM-neutron cross section [191], which excludes mDM < 35 GeV and 50 GeV< mDM <150 GeV.
Note that the XENON1T [192] is expected to cover almost completely the remaining low DM
mass window. In summary, the combination of invisible Z decay and direct DM detection
constraints excludes any appreciable B(h→ invisible) from operators in Eq. (5.8).
Another possibility is to couple DM to scalar or tensor fermionic currents. These automatically
involve a Higgs field,
ΓS = H†D¯Q, H†E¯L, H∗†U¯Q, ΓTµν = H
†D¯σµνQ, H†E¯σµνL, H∗†U¯σµνQ . (5.9)
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The lowest dimensional operators are then
H0eff =
fφ
Λ2
ΓS × φ†φ + h.c., (5.10a)
H1/2eff =
fSψ
Λ3
ΓS × ψψ + f
P
ψ
Λ3
ΓS × iψγ5ψ +
fTψ
Λ3
ΓTµν × ψσµνψ + h.c., (5.10b)
H1eff =
fV
Λ2
ΓS × VµV µ + h.c., (5.10c)
where the dependence of couplings on SM fermion flavors is implicit. Operators involving ΓS
can be generated for example in models with extended scalar sectors, as we will discuss below.
On the other hand, the generation of tensorial ΓTµν interactions is typically more involved. One
possibility is to introduce a SM-DM mediator sector with a gauge symmetry under which both
SM and DM are neutral. The appropriate irrelevant couplings to generate the tensorial SM-DM
interaction can then possibly be obtained at the loop level. A complete model construction is
thus quite intricate and beyond our scope, so we do not pursue it any further.
We first assume the couplings in Eqs. (5.10) to be proportional to the fermion masses,
fφ =
√
2mf
vEW
, fS,P,Tψ =
√
2mf
vEW
, fV =
√
2mf
vEW
, (5.11)
so that possible flavor changing neutral currents (FCNCs) are automatically suppressed. The
operators in Eq. (5.10) lead to four body Higgs decays, that are unobservably small. For instance,
assuming thermal relic DM with mDM = 20 GeV one has B(h → DM + DM + bb¯) ∼ O(10−7)
for both purely pseudo scalar and purely tensorial DM interactions.
Fig. 5.2 shows the predictions for the spin-independent DM-nucleon cross sections in the upper
four panels, for scalar DM, vector DM, and fermion DM with scalar and pseudoscalar inter-
actions, respectively (blue dashed lines), requiring correct thermal relic DM abundance. The
spin-dependent cross section for fermion DM with purely tensorial interaction is shown in the
lower panel in Fig. 5.2. For the chosen flavor structure of the relevant couplings, Eq. (5.11),
XENON100 bounds (dot-dashed red lines) exclude almost all possibilities except for fermionic
DM with parity-violating or tensorial interactions. The parity violating fermionic DM evades
the current XENON100 and also the projected XENON1T bound (red solid line) because the
scattering cross section is velocity suppressed. The direct detection cross section for the ten-
sorial interactions is strongly suppressed by the assumption that the coupling to light quarks
is suppressed by light quark masses, Eq. (5.11) (unlike for scalar interactions this suppression
carries over for tensor interactions when matching from quark to nucleon level operators, see
Refs. [193] and [194] for further details).
The remaining two possibilities are constrained by indirect DM searches. In Fig. 5.3 we compare
the bounds on annihilation cross sections 〈σv〉 for bb¯ (blue lines) and τ+τ− (red lines) channels
[195, 196] with the predictions from the last two operators in Eq. (5.10), when correct relic
density is assumed in the predictions. We see that the fermionic DM with pseudo-scalar or
tensorial interactions is constrained to be heavier than mDM > 15 GeV. For reference we also
show in Fig. 5.3 the possibility of Higgs portal coupling to DM through the axial-vector operator
from Eq. (5.8), which is not excluded by direct detection. It demonstrates that for Z mediated
channels, the constraints from indirect detection are not as significant. The reason lies in the
assumed flavor structure. This is fixed for operators in Eq. (5.8) by the couplings of the Z.
DM then annihilates to all fermions democratically, reducing the signal in the bb¯ and τ+τ− final
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Figure 5.2: The DM-nucleon cross sections (dashed-blue) induced by operators (5.10). The
predicted values are compared to the current XENON100 bound (dot-dashed-red line) and
future XENON1T bound (continuous-red line).
states. For the flavor structure assumed in Eq. (5.10) these are the dominant channels, however,
making the constraints more powerful.
This also highlights the fact that the bounds on operators in Eq. (5.10) depend strongly on the
assumed flavor structure of the Wilson coefficients. We do not attempt to cover all possibilities
but rather only entertain a few representative cases. For instance, increasing the couplings to
light quarks, u, d, s, the direct DM detection bounds would become significantly stronger, while
the relic density would remain practically unaffected. Note that in the limit where DM does
not couple to the light quarks but only to 3rd generation, the direct detection bounds are still
relevant since one induces interactions to gluons at loop level. An interesting possibility is to
have Wilson coefficients differ in sign such that the DM-nucleon elastic scattering cross-section
vanishes. This possibility was pointed out in the context of type II Two-Higgs-Doublet Model
(2HDM-II) in Ref. [197], to be discussed in more detail in subsection 5.3.2. Another possibility
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Figure 5.3: The bb¯ (blue) and τ+τ− (red) annihilation cross-sections (〈σv〉) for the fermionic
operators in (5.10) (upper two panels) and for fermionic DM with axial vector coupling to
Higgs vector current in (5.8) (cVψ = 0). The continuous (dashed) lines indicate the present
experimental upper bounds [195, 196] (predicted values assuming correct DM relic density) on
〈σv〉.
where direct detection bounds are weak or completely irrelevant is the case of leptophilic DM,
where the Wilson coefficients for operators coupling to quarks in Eq. (5.10) are suppressed [198].
Regardless of the detailed flavor structure all these operators do have one feature in common. To
obtain correct relic abundance the EFT cut-off scale Λ is required to be low, O(few 100 GeV).
The important parameters here are the values of Wilson coefficients fφ, f
S,P,T
ψ , fV for bottom
quarks in the currents (5.9) and the value of the Higgs bottom Yukawa coupling (or if this is
suppressed, the largest Yukawa coupling among the open annihilation channels). From Higgs
data we know that the Higgs bottom Yukawa cannot be significantly larger than the SM value.
Using the SM value for yb we show in Fig. 5.4 the dependence of Λ on mDM for scalar and
tensor fermionic operators (5.10), setting fSψ = f
T
ψ = yb as in Eq. (5.11). Since the annihilation
cross section scales as f2ψ/Λ
6 for fermionic DM, taking fψ ∼ O(1) still leads to Λ . 600 GeV for
mDM < mh/2. This means that in any case a viable Higgs portal of light DM using operators
in Eq. (5.10) will require new particles with weak scale masses beside DM itself.
Finally, DM can couple to the Higgs through Weinberg-like operator,
LiLjHkH likjl ×Odark, (5.12)
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Figure 5.5: The dependence on mDM of the parameter m∆ (red solid line) in the SM + DM
model with an extra triplet and a singlet Lagrangian (5.17) for which proper relic density is
obtained. The masses of physical φ−∆0 mixed states, m1,2 are shown as blue dashed and green
dotted lines. Other inputs in (5.17) are set to fab = y = λ = 1 with mφ = m∆.
where i, j, k, l are SU(2)L indices, ij is the antisymmetric tensor with 12 = −21 = 1, and
Odark the DM operator. The lowest dimensional interactions are explicitly,
H0eff =
gφ
Λ3
LiLjHkH likjl × φ†φ, (5.13a)
H1/2eff =
gSψ
Λ4
LiLjHkH likjl × ψψ +
gPψ
Λ4
LiLjHkH likjl × iψγ5ψ, (5.13b)
H1eff =
gV
Λ3
LiLjHkH likjl × VµV µ, (5.13c)
and similar operators with φ†φ → φφ, ψ¯ψ → ψ¯Cψ and ψ¯γ5ψ → ψ¯Cγ5ψ replacements. The
operators in Eqs. (5.13) contribute to neutrino masses at one loop. Modulo cancellations, this
suppresses all the operators well below the level required for the thermal scattering cross-section
to give the observed DM relic density. The only exception is the fermionic DM operator with
purely pseudo-scalar interaction (gPψ ) whose loop contributions to neutrino masses vanish iden-
tically by parity invariance, and the φφ, ψ¯Cψ, ψ¯Cγ5ψ type operators if DM carries (conserved)
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lepton number. The resulting invisible Higgs decay governed by the gPψ interaction is very sup-
pressed, that is, B(h → DM + DM + ν¯ν¯) ' 10−7 for mDM = 20 GeV and assuming correct
relic DM abundance. Note that the operator LiLjHkH likjl× iψγ5ψ does induce DM-nucleon
scattering, but only at loop level and the contribution is furthermore proportional to neutrino
mass. The DM-nucleon cross section, therefore, is very suppressed.
The DM annihilation cross section induced by the LiLjHkH likjl× iψγ5ψ operator is given by
σψψ¯→ν¯ν¯ =
v4EW (g
P
ψ )
2
64piΛ8
s√
1− β(m2DM)
, (5.14)
with β(M2) ≡ 4M2/s and s ' 4m2DM is the energy in the center of mass frame. The value of Λ
required to obtain the correct relic density is shown in Fig. 5.4 (red solid line), assuming only
one neutrino flavor in the final state and setting gpψ = 1. We observe that the required scale is
again low, i.e. for mDM = 40 GeV, Λ ' 300 GeV.
In conclusion, our discussion in this section shows that even if the invisible branching ratio of
the Higgs is suppressed, viable Higgs portals to light thermal relic DM require new particles
with masses of a few 100 GeV.
5.3 Examples of viable Higgs portal models
One of the main results of the previous two sections is that Higgs portal models of light DM are
still viable, however SM cannot be extended just by DM. Extra light particles are required. The
main new ingredient is that the presence of extra light particles increases the DM annihilation
cross section, so that correct relic abundance is obtained. Below we show three examples of
viable Higgs portal models of light DM. The first two examples illustrate models that match
onto EFT discussion of the previous section. In the first example we add to SM and DM an
extra electroweak triplet and a singlet (subsection 5.3.1). This is a realization of a leptophilic
model that generates an operator in Eq. (5.13). The second example is a Two Higgs Doublet
Model of type II with an addition of a scalar DM field (subsection 5.3.2). It generates EFT
operators in Eq. (5.10). The third example violates EFT assumptions since we add to SM and
DM an extra scalar singlet that is lighter than DM (subsection 5.3.3). As we will see, the value
of B(h→ invisible) is model dependent. It can be O(1) as in our example in subsection 5.3.3, or
can be suppressed by the assumed structure of the theory as in the two examples in subsections
5.3.1 and 5.3.2.
5.3.1 SM + DM with an extra triplet and a singlet
In this section, we present a model that can generate the operator LiLjHkH likjl× iψγ5ψ. As
we will see shortly, it can be done by extending SM particle content by a Dirac fermion DM
(ψ), an electroweak singlet scalar (φ), and an electroweak triplet scalar (∆). The extra fields
therefore transform under the SM gauge group SU(3)C × SU(2)L × U(1)Y as
ψ ∼ (1, 1, 0), φ ∼ (1, 1, 0), ∆ ∼ (1, 3, 1). (5.15)
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We use the notation in which ∆ is represented by the 2× 2 matrix,
∆ =
(
∆+/
√
2 ∆++
∆0 −∆+/√2
)
. (5.16)
We introduce the following interactions
L ⊃ −m
2
φ
2
φ2 −m2∆Tr∆†∆−mDMψ¯ψ +
[
iyψ¯γ5ψφ+ λφH
iHjik∆
∗
jk + fabL
i
aL
j
bik∆kj + h.c.
]
,
(5.17)
where H is the usual SM Higgs doublet, a, b = 1, 2, 3 are generation indices, i, j, k are SU(2)L
indices, and ij is the antisymmetric tensor. In the above Lagrangian, the φ is assumed to be
a real scalar. Note that we have written only terms relevant to generate the LiLjHkH likjl ×
iψγ5ψ operator, which is obtained after integrating out φ and ∆.
It is worth mentioning that one could also consider a variation of the above model in which
lepton number is preserved. In this case, the dark matter fermion carries a lepton number -1
and the Lagrangian is modified to
L ⊃ −m2φφ∗φ−m2∆Tr∆†∆−mDMψ¯ψ +
[
yψ¯Cψφ+ λφH iHjik∆
∗
jk + fabL
i
aL
j
bik∆kj + h.c.
]
,
(5.18)
with φ complex in this case.
From now on, we shall focus on the model given in Eq. (5.17). The Lagrangian (5.17) could be
supplemented by several other gauge-invariant terms such as
HT∆†H, φTr∆†∆, H†Hφ, H†HTr∆†∆, Tr(∆†∆)2, (Tr∆†∆)2, H†∆†∆H. (5.19)
Some of them are already phenomenologically constrained to be small. For instance, HT∆†H
would generate neutrino masses once ∆ is integrated out [199–201]. Its coefficient therefore
must be very small, much smaller than m∆.
By the same reasoning, the term µH†Hφ should be suppressed too. The simultaneous presences
of fabLaLb∆, λφH
TH∆†, and µH†Hφ terms breaks lepton number by two units, and as a
result the neutrino masses are generated at tree level. To generate unsuppressed Weinberg-like
operator (5.13) we require f ∼ λ ∼ 1 and mφ ∼ few hundreds GeV, so that µ needs to be very
small, i.e., µ . 1 eV. Consequently, the φ−h mixing is extremely suppressed and cannot induce
sizeable h→ DM + DM decay nor DM-nucleon elastic cross section. The invisible Higgs decay
can thus only occur through the 4-body mode h → ν¯ν¯ + DM + DM with branching ratio of
∼ 10−6 for mDM = 40 GeV. This number is much too small to be measured in the near future.
The correct DM relic density is obtained from ψ¯ψ → ν¯ν¯ annihilation that can proceed through
s-channel φ and ∆0 virtual states. The annihilation is unsuppressed as long as there is significant
mixing between φ and ∆0 states through the λφH iHjik∆
∗
jk term (after electroweak symmetry
breaking). In Fig. 5.5 we show as a function of mDM the required m∆ and the masses m1,2 of
the two φ–∆0 mixed physical states such that the observed DM relic density is generated. The
numerical example shown is for maximal mixing, where mφ = m∆, and we set fab = y = λ = 1.
As anticipated, the required extra states are light, with masses of the order of the weak scale.
The fact that viable Higgs portal models with light DM require additional light states can have
phenomenological implications beyond dark matter searches. In the present model, for instance,
there are two charged scalars, ∆++ and ∆+. These can mediate lepton flavor violating (LFV)
Chapter 3. Higgs portal to Dark Matter 88
Table 5.1: The bounds on LFV couplings fab of ∆ in Eq. (5.17), following from leptonic LFV
decays. The experimental 95% C.L. upper bounds are from [190], except for µ → eγ which is
from [203]. We set m∆+ = m∆++ = m∆.
Process Branching ratio bound Bounds on fab
µ− → e+e−e− 1.0× 10−12 |feefeµ| < 2.8× 10−5 (m∆/TeV)2
τ− → e+e−e− 2.7× 10−8 |feefeτ | < 0.01 (m∆/TeV)2
τ− → e+e−µ− 1.8× 10−8 |feµfeτ | < 0.007 (m∆/TeV)2
τ− → e+µ−µ− 1.7× 10−8 |fµµfeτ | < 0.009 (m∆/TeV)2
τ− → µ+e−e− 1.5× 10−8 |feefµτ | < 0.008 (m∆/TeV)2
τ− → µ+µ−e− 2.7× 10−8 |feµfµτ | < 0.009 (m∆/TeV)2
τ− → µ+µ−µ− 2.1× 10−8 |fµµfµτ | < 0.01 (m∆/TeV)2
µ→ eγ 5.7× 10−13 |f∗µafae| < 2.7× 10−4 (m∆/TeV)2
τ → eγ 3.3× 10−8 |f∗τafae| < 0.15 (m∆/TeV)2
τ → µγ 4.4× 10−8 |f∗τafaµ| < 0.18 (m∆/TeV)2
processes such as `a → `bγ and `−a → `+b `−c `−d . The radiative decays can arise at one–loop
mediated by either ∆+ or ∆++ particles, with the rate
Γ(`a → `bγ) =
m5`aαem
(24pi2)2
(f †f)2ab
(
1
8m2
∆+
+
1
m2
∆++
)2
, (5.20)
where αem is the QED fine-structure constant. The `
−
a → `+b `−c `−d decay can proceed through
tree-level ∆++ exchange, giving
Γ(`−a → `+b `−c `−d ) =
1
2(1 + δcd)
m5`a
192pi3
∣∣∣∣ fabfcdm2
∆++
∣∣∣∣2 , (5.21)
where δcd encodes the symmetry factor for two identical particles in the final state [202]. The
resulting bounds on fab from various LFV processes are given in Table 5.1 for the case of
m∆+ = m∆++ = m∆. (For previous study of LFV in the triplet model, see Refs. [204–206].)
For m∆ = 220 − 350 GeV as required by the relic abundance, the off-diagonal fab are severely
constrained. There are also bounds on diagonal couplings from collider searches. For flavor
degenerate case, with faa = 1 for a = 1, 2, 3, the CMS Collaboration [207] reports a bound
m∆ > 403 GeV, which is inconsistent with the relic DM density requirement. The search is less
effective for fττ = 1 and fee = fµµ = 0, in which case ∆
−− decays exclusively into same-sign tau
pairs. The lower limit on ∆++ mass is then m∆ > 204 GeV [207], so that correct relic density
can still be obtained.
5.3.2 2HDM-II + DM
Our next example of a viable Higgs portal DM is a type II Two-Higgs-Doublet-Model (2HDM-
II) supplemented by an extra singlet scalar – the DM. This is the simplest realization of the
fermionic operators in Eq. (5.10), discussed in the previous Section assuming EFT. While phe-
nomenologically viable, the model does have two ad-hoc features. The invisible Higgs decay
width is suppressed by dialling down the appropriate dimensionless parameter, while direct DM
detection bounds are avoided by fine-tuning the parameters so that two competing operator
contributions cancel to a large extent.
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The detailed structure of the model is as follows. The particle content consists of SM fermions,
two Higgs doublets, H1 and H2, and an extra real scalar S. Under SM gauge group, these
scalars transform as
H1 ∼ (1, 2, 1/2) , H2 ∼ (1, 2, 1/2) , S ∼ (1, 1, 0) . (5.22)
The singlet S is assumed to be Z2 odd and is identified as DM. The Yukawa interactions of the
two doublets are assumed to be the same as in type II 2HDM; H1 couples to dR and eR, while
H2 only couples to uR,
LY = −YuQH˜2uR − YdQH1dR − Y`LH1eR + h.c., (5.23)
where H˜i ≡ iσ2H∗i and Hi =
(
H+i , (vi + hi + iχi)/
√
2
)
. DM couples directly to the two Higgs
doublets,
L ⊃ λS1
2
S2(H†1H1) +
λS2
2
S2(H†2H2). (5.24)
For suitable choices of parameters, these interactions allow for large enough DM annihilation
cross section and as a result can accommodate the observed relic abundance.
After electroweak symmetry breaking three out of eight real degrees of freedom in H1 and H2
are absorbed as longitudinal components of W± and Z bosons (for reviews see e.g. [208, 209]).
The remaining 5 degrees of freedom consist of two CP-even scalars h and H,(
H
h
)
=
(
cosα sinα
− sinα cosα
)(
h1
h2
)
, (5.25)
a CP-odd scalar A ≡ −χ1 sinβ + χ2 cosβ, and a pair of charged scalars H± ≡ −H±1 sinβ +
H±2 cosβ. Here tanβ ≡ v2/v1 is the ratio of H2,1 condensates with vEW ≡
√
v21 + v
2
2. It is h
that we identify as the newly discovered particle with 125 GeV mass. The interactions of the
CP-even scalars, h,H, with the SM fermions and gauge bosons are given by
L ⊃ −
∑
f=u,d,`
(
rfmf
vEW
h+
Rfmf
vEW
H
)
ff + g sin(β − α)
(
mWW
+
µ W
µ− +
mZ
2cW
ZµZ
µ
)
h
+g cos(β − α)
(
mWW
+
µ W
µ− +
mZ
2cW
ZµZ
µ
)
H, (5.26)
with ru = cosα cscβ, rd = r` = − sinα secβ, Ru = sinα cscβ,Rd = R` = cosα secβ. After
electroweak symmetry breaking there are also trilinear couplings of h,H with the DM,
L ⊃ gSSh
2
vEWhS
2 +
gSSH
2
vEWHS
2, (5.27)
where
gSSh = λS1 sinα cosβ − λS2 cosα sinβ,
gSSH = −λS1 cosα cosβ − λS2 sinα sinβ. (5.28)
DM annihilation into a pair of SM fermions, SS → f¯f , is mediated by both CP-even scalars, h
and H and is proportional to σann ∝ (gSSh/m2h + gSSH/m2H)2. For light DM the gSSh coupling
also leads to B(h → SS). As we show below the bounds on invisible decay width of the Higgs
require gSSh < 0.01. Correct relic abundance then requires gSSH ∼ O(1), see Fig. 5.6.
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Similarly, DM–nucleon scattering cross section also receives contributions from both h and H
exchanges,
σSIp =
m4p
4pi(mDM +mp)2m4H
(∑
q
cqf
p
q
)2
, (5.29)
where
cu,c,t = gSSh(mH/mh)
2 cosα cscβ + gSSH sinα cscβ,
cd,s,b = −gSSh(mH/mh)2 sinα secβ + gSSH cosα secβ , (5.30)
while the relevant nuclear form factors fpq are listed in Eq. (F.7) . The h and H contributions
may interfere destructively. In fact, σSIp vanishes completely, if
gSSh
gSSH
=
m2h
m2H
(fpu + f
p
c + f
p
t ) sinα cosβ + (f
p
d + f
p
s + f
p
b ) cosα sinβ
(−fpu − fpc − fpt ) cosα cosβ + (fpd + fps + fpb ) sinα sinβ
. (5.31)
Note that it is possible to fulfill this requirement even if gSSh = 0. Then B(h→ SS) = 0, while
Eq. (5.31) gives
tanα
tanβ
= −f
p
d + f
p
s + f
p
b
fpu + f
p
c + f
p
t
. (5.32)
As we will show below the pseudo-decoupling limit, β − α = pi/2, where the couplings of the
Higgs to W and Z are the SM ones, c.f. Eq. (5.26), is preferred by recent Higgs data. In this
limit Eq. (5.32) then completely fixes the value of tanβ; i.e., using the values of nuclear form
factors in Eq. (F.7) one obtains tanβ ' 0.61.
In the limit where B(h→ SS) vanishes, the relic abundance is set by DM annihilation with the
heavy CP-even Higgs boson H in the s-channel. In Fig. 5.6, we plot the coupling gSSH giving
the correct relic abundance as a function of DM mass, mDM, for two sample values of heavy CP-
even Higgs boson masses, mH = 200, 300 GeV. We also set tanβ = 0.61 such that σ
SI
p vanishes.
For heavier H a larger value of gSSH coupling is needed. Perturbativity therefore bounds mH
from above, with mH . 850 GeV for gSHH . 4pi (and mH . 450 GeV for gSHH . 4). Note
that in this case H decays invisibly practically 100% of the time. In principle H can be directly
searched in the process of associated production with a Z boson (see, e.g., a recent ATLAS
analysis of pp → Zh → l+l−invisible [210]). The challenge is that in the limit β − α = pi/2,
the couplings of H to gauge bosons vanish. As a result, the heavy Higgs boson in this scenario
can easily escape such collider searches. On the other hand, H also couples to SM fermions
with roughly SM strengths, thus making gg → H(tt¯) the dominant production mechanisms at
the LHC. Especially in the second case, the dominant decay mode H →DM+DM then leads
to the interesting tt¯ + EmissT signature. For mH = 200, 300 GeV, we find using [42] the cross-
section estimates of σtt¯EmissT
= 29 fb, 7.7 fb at 8 TeV and σtt¯EmissT
= 150 fb, 51 fb at 14 TeV
LHC, respectively. Given these small cross-sections, also compared to irreducible SM (tt¯ + Z)
backgrounds [211], the search remains challenging for the foreseeable future. On the other hand,
interesting mono-jet plus missing transverse energy signature would come from gg → H+jet.
Using this particular signature, a dedicated analysis for the SM Higgs boson invisible decay was
performed in [212]. The upper limit on µHj ≡ σgg→Hj × B(H → inv)/σSMgg→Hj at 95% C.L. was
found to be µHj < 25 (50) for 200 GeV (300 GeV) Higgs boson using just 1 fb
−1 of data at 7 TeV.
It might be possible for 14 TeV LHC to probe the prediction of this model, µHj = R
2
u = 2.7.
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Figure 5.6: The value of gSSH that gives the observed DM relic density in 2HDM-II models
with extra singlet, as function of DM mass, mDM, for the case where the invisible decay width
of the Higgs and the DM-proton scattering cross section both vanish. Two choices of the heavy
CP-even Higgs mass, mH = 200, 300 GeV are shown.
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Figure 5.7: The 68.3% and 95.5% C.L. parameter regions in 2HDM-II with an extra singlet
that are allowed by the Higgs signal strength data are shown in dark grey and light grey,
respectively. Orange-dashed curve correspond to β − α = pi/2. Black-dashed curve correspond
to Eq. (5.32). The 95.5% C.L. region allowed by the Higgs data together with direct DM
detection bound from XENON100 is shown in cyan. For definiteness we assume mH = 200 GeV,
mS = 40 GeV and gSSH such that the proper DM thermal relic is obtained.
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Figure 5.8: Coupling λp for which the proper relic abundance is obtained in the model with
an extra scalar singlet (5.37).
Finally, we assess the quantitative impact of existing Higgs measurements on the model’s pa-
rameter space by performing a fit to the latest LHC Higgs data assuming that h is the newly
Chapter 3. Higgs portal to Dark Matter 92
discovered Higgs resonance. The partial decay widths normalized to the SM ones are given by
Γh→WW,ZZ
ΓSMh→WW,ZZ
= sin2(β − α) ≡ r2V ,
Γh→bb
ΓSMh→bb
= r2d ,
Γh→ττ
ΓSMh→ττ
= r2l ,
Γh→γγ
ΓSMh→γγ
= |−1.28rV + 0.283ru|2 ,
(5.33)
while the normalized production rates are
σggF
σSMggF
= |1.06ru + (−0.06 + ı0.09)rd|2 , σV BF+V H
σSMV BF+V H
= r2V . (5.34)
In the Higgs signal strengths, µi, one measures the product of cross section and Higgs branching
ratios. Therefore in all the signal strengths the total Higgs decay width enters. This can be
modified by the invisible decay width of the Higgs, and as a result one is quite sensitive to it.
Normalized to the SM the total width is given by
Γˆ ≡ Γtotal
ΓSMtotal
=
0.569r2d + 0.252r
2
V + 0.063r
2
l + 0.085
σggF
σSMggF
+ 0.026r2u
1− B(h→ SS) . (5.35)
Numerical values for loop functions in h → γγ and h → gg are taken from [35], while SM
branching ratios for mh = 125 GeV Higgs boson are taken from [213]. In our model all the
Higgs signal strengths µi depend on three parameters, α, β and B(h→ SS). Fig. 5.7 shows the
68.3% and 95.5% C.L. allowed region in the parameter space (α, tanβ) obtained from a global
fit after marginalizing over B(h → SS). The allowed parameter space is constrained to a very
narrow region around β − α = pi/2. We also derive the bound on invisible branching ratio of
the Higgs by marginalizing over α and tanβ. We get B(h → SS) < 0.3 at 95.5% C.L., which
implies that gSSh < 0.01 for DM mass up to mh/2. We emphasize that B(h → invisible) is a
free parameter in this model, and can be both close to present experimental bound or much
smaller, depending on the derived dimensionless parameter gSSh.
Finally, we combine the Higgs data and 90% C.L. upper bound on spin-independent DM-nucleon
cross section from XENON100 [186] into a single χ2. For illustration we fix mH = 200 GeV,
mS = 40 GeV and gSSH to value determined by relic density. The DM scattering cross section
σSIp and the signal strength rates µi are expressed in terms of three fitting parameters α, β
and gSSh. After marginalizing over gSSh, we obtain the 95.5% C.L. allowed region in (α, tanβ)
plane, shown as cyan region in Fig. 5.7. Marginalizing analogously over α and gSSh, we find
tanβ = (0.61± 0.03).
5.3.3 SM + DM with extra scalar singlet
In our final example of a viable Higgs portal model of DM we add to the SM two real scalars, φ
and S (for existing studies of similar models see [214]). Under the SM gauge group both scalars
therefore transform as
φ ∼ (1, 1, 0) , S ∼ (1, 1, 0) . (5.36)
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The singlet S is the DM candidate, odd under Z2, while φ is even. The resulting scalar potential
is
V = m2HH
†H +
m22
2
φ2 +
m23
2
S2 + κm32φ+
λ1
2
(H†H)2 +
λ2
8
φ4 +
λ3
8
S2
+
λ4
2
H†Hφ2 +
λ5
2
H†HS2 +
λ6
4
φ2S2 +
µ1
2
φ3 + µ2H
†Hφ+
µ3
2
S2φ , (5.37)
while the Yukawa interactions take the usual form
− LY = YuQH˜uR + YdQHdR + Y`LHeR + h.c. . (5.38)
For simplicity, we assume that φ does not acquire a vacuum expectation value by appropriately
adjusting the parameter κ (this has no relevant phenomenological consequences apart from
simplifying our discussion). The scalar mass matrix is given by
M2sc =
(
m2h µ2vEW
µ2vEW m
2
φ
)
, (5.39)
where m2h = λ1v
2
EW and m
2
φ = m
2
2 + λ4v
2
EW /2. Parameter µ2 induces mixing between h and φ,
so that the physical neutral scalars h1, h2 are given by
h1 = h cosα+ φ sinα ,
h2 = −h sinα+ φ cosα , (5.40)
with the mixing angle given by
tan 2α =
2µ2vEW
m2h −m2φ
. (5.41)
We will assume that mh1/2 > mS > mh2 with mh1 = 125 GeV.
The couplings of h1 (h2) to the SM fields are the same as for the SM Higgs boson except that
they are rescaled by cosα (sinα). The mixing angle α has been constrained by LEP [36], so
that at 95% C.L. |sinα| < 0.13 for mh2 = 20 GeV and |sinα| < 0.2 for mh2 = 50 GeV. On
the other hand, sinα also has to be greater than 10−8, otherwise h2 is sufficiently long lived
that it escapes the detector. For sinα ∼ 10−4 the h2 particle travels less than a few µm before
decaying and can be searched for using displaced vertices. Note that the branching ratios of h2
are not affected by sinα and are the same as they would be for the SM Higgs with mh2 mass.
For instance, for mh2 = 20 GeV the dominant branching ratio is B(h2 → bb¯) ∼ 85%.
The relic abundance is set by the dominant DM annihilation process SS → h2h2, with the
annihilation cross section given by
σSS→h2h2 =
λ2p
32pis
√
1− 4m2h2/s√
1− 4m2S/s
, (5.42)
where λp = λ6 cos
2 α + λ5 sin
2 α. The values of λp for which the correct relic abundance is
obtained are shown in Fig. 5.8 as a function of DM mass, mDM, for three choices of light scalar
mass mh2 . Note that λp that governs the relic abundance is different from λh = λ5 cosα−λ6 sinα
that governs the invisible Higgs branching ratio, B(h → invisible). The relic abundance and
invisible decay width of the Higgs are thus decoupled in this Higgs portal model.
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Figure 5.9: Constraints from Higgs signal strengths of the Higgs portal model of light DM
with an extra singlet. 1σ and 2σ constraints on sinα and B(h → invisible) are show as dark
and lighter grey regions, respectively.
Next, we perform fit to the latest available LHC Higgs data. Unlike the 2HDM-II case, Section
5.3.2, here all the Higgs (h1) signal strengths are rescaled by common factor cos
2 α. Also,
there are additional contributions to the total Higgs decay width coming from h1 → h2h2 and
h1 → SS. The Higgs signal strengths, therefore, are given by
µh→SM = cos2 α(1−∆Bˆ) , (5.43)
with ∆Bˆ ≡ B(h1 → SS) + B(h1 → h2h2). We then take sinα, B(h1 → SS) and B(h1 → h2h2)
as fitting parameters. We obtain 95.5% C.L. bounds on each parameter to be |sinα| < 0.5,
B(h1 → h2h2) < 0.24 and B(h1 → SS) < 0.22. Note that the bound on sinα obtained from
this fit is less stringent than the LEP limit. In Fig. 5.9, we show 68.3% and 95.5% C.L. allowed
region in the parameter space of sinα and B(h1 → SS), after marginalizing over B(h1 → h2h2).
If sinα is very small, so that h2 escapes the detector, then we obtain B(h1 → invisible) < 0.22.
Since there is an extra light scalar state, there are interesting collider signatures beside the
invisible decay width of the Higgs. The Higgs can also decay to two light scalars, h1 → h2h2,
where h2 decays to bb¯ pairs. These decay chains can then be searched for using associated
hZ or hW production with four b-tagged jets in the final state (possibly originating from two
displaced secondary vertices, see also [215]) combining to the Higgs mass. As discussed above,
the h1 → h2h2 branching ratio can be sizeable, of O(20%).
5.4 Conclusions
We have extended the analysis of Higgs portal models of DM by including higher dimensional
operators. We have focused on the case where DM is light, so that h → DM+DM decays
are kinematically allowed. The main difference between the minimal Higgs portals and the
case where higher dimensional operators dominate, is that there is now a new scale Λ in the
problem. In fact, already for minimal Higgs portal with fermionic DM one is forced to introduce
a dimensionful scale Λ since the Higgs couplings then require at least dimension 5 operators.
We arrive at the following general conclusions
• First assume that an EFT description of SM+DM as the only weak scale dynamical
degrees of freedom is valid and all dimensionless coefficients are O(1). If h→ DM + DM
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is discovered close to its present experimental limit, at the order of O(few 10%), then
DM cannot be a thermal relic, or its relic density must be controlled by interactions not
involving the Higgs field.
• Higgs portal to DM is still possible if either EFT is not valid or if B(h → invisible) is
suppressed below naive power counting estimate (or both). In both cases there need to
be other light particles, with masses below O(few 100 GeV).
We demonstrated this with three examples of viable Higgs portal models of light DM, (i) the
SM extended by DM scalar along with electroweak triplet and singlet (subsection 5.3.1), (ii)
a Two Higgs Doublet Model of type II with an addition of scalar DM field (subsection 5.3.2),
(iii) SM with DM and an extra scalar singlet that is lighter than DM (subsection 5.3.3). All
the examples share the feature that the invisible Higgs branching ratio and the relic abundance
are decoupled and are governed by different parameters. Furthermore, only in example (ii) the
dominant DM annihilation channel is to bb¯ pairs as in the simplest Higgs portal models. As a
result this model also requires tuned cancellation to avoid direct DM detection constraints.
Since the Higgs portals of DM require additional light particles, there may be interesting phe-
nomenological consequences. Indeed, non-trivial dynamics taking place below the TeV could
leave significant footprints in low energy precision observables, or could be directly detected
at high-energy collider experiments. For instance, the charged scalars in example (i) can lead
to lepton flavor violating decays, in example (ii) the heavy Higgs decay is dominated by the
invisible channels, while in (iii) the Higgs decays to four b jets at the level of a few tens of
percent are possible.

Chapter 6
Concluding Remarks
Recent discovery of the Higgs boson at Large Hadron Collider in Geneva represents a remarkable
step forward in understanding the very fundamental laws of Nature. The long standing puzzle
of electroweak symmetry breaking mechanism is finally being resolved. In particular, the data
collected in the first LHC run is pointing to the Standard Model of particle physics. If confirmed
with great precision, this would constitute the final triumph of the SM. Even though the SM
represents consistent and complete picture of EW scale physics, it contains many puzzles we
believe have deeper reasoning in the models beyond. The example of such is the origin of flavor.
Especially puzzling is the origin of EW symmetry breaking and, in particular, smallness and
stabilization of the EW scale. The later puzzle is inevitably pointing to new physics at TeV if
one does not allow for fine tuning. Furthermore, the origin of dark matter is naturally connected
to EW scale physics with the WIMP paradigm, thus providing further motivations the expect
new physics soon.
The Higgs boson is intrinsically related to many of these puzzles, thus, Higgs phenomenology
might be a window to new physics. From the experimental point of view, the observed mass is
such that many production and decay channels are accessible. On the theory side, the mass is
such that the SM predictions are very delicate and easily altered in the presence of new physics.
The main purpose of this work is to exploit the potential of Higgs phenomenology to probe new
physics taking into the consideration ongoing experimental activities.
Loop induced Higgs decays are sensitive to new colored and/or charged states that couple to the
Higgs boson. The existence of new colored scalars is implied in many well-motivated new physics
models. For instance, using a particular GUT based model, we speculate the existence of such
particles at TeV scales by correlating their mass to observable proton lifetime. Using the existing
Higgs data, we set the constraints of the scalar potential of such models. We demonstrate that
several loop induced Higgs processes provide complementary information, which can be used to
discriminate among different hypotheses.
Vector-like quarks are expected to be the lightest new degrees of freedom in models addressing
the EW hierarchy problem by treating the light Higgs as a pseudo-goldstone boson of a global
symmetry, broken explicitly by the SM gauging and Yukawa couplings. We have systematically
investigated the impact of dynamical vector-like quarks, accommodated within SM gauge rep-
resentations and charges, on Higgs physics. Study is organized in two: renormalizable level and
the level of dimension five operators. In particular, we have considered the weak singlet up-
type, singlet down-type and doublet vector-like quarks, potentially mixing with all three known
generations of chiral quarks, and have updated the most relevant constraints on such scenarios
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from low energy flavor phenomenology and electro-weak precision measurements. While Higgs
properties in the renormalizable models tend to remain SM-like due to correlation with Z boson
properties, introducing the higher dimensional operators may lead to visible imprints in Higgs
phenomenology. We show that the existing Higgs data already provides complementary and
competitive probe of vector-like quarks involved in the solution of the gauge hierarchy problem.
We have also investigated the sensitivity of the LHC to flavor violating top–Higgs interactions.
Since these interactions are highly suppressed in the SM, a positive signal at the LHC would
constitute a clear sign of new physics. Several signatures of flavor violating tqh interactions
at the LHC which we have studied in this work exhibit comparable prospects to constrain or
discover such phenomena. Moreover, it may be possible to even discriminate between tuh and
tch signals by exploiting the presence of absence of the partonic process qg → th. When the
multiple searches are combined, the LHC experiments will probe the flavor violating top–Higgs
interactions by two orders of magnitude.
Assuming that the discovered scalar is part of the Higgs electroweak doublet H, then H†H
is the only gauge and Lorentz invariant relevant operator in the SM. As such it can act as
the “Higgs portal” to DM. We have extended the analysis of Higgs portal models of DM by
including higher dimensional operators. We have focused on the case where DM is light, so that
h → DM+DM decays are kinematically allowed. While minimal Higgs portal models fail to
meet all requiremets, such as, thermal relic, direct and indirect detection constrains and Higgs
data constrains, we systematically point to examples that can accommodate all the data. We,
however, conclude that in all those examples there has to be new particles at electroweak scale,
thus, moving the interest to LHC physics.
We are looking forward to the next LHC run that will, hopefully, provide a new perspective on
the fundamental laws on Nature.
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Appendix A
Loop functions in Higgs decays
A.1 One-loop functions for h→ gg and h→ γγ
Relevant one-loop functions are given by
A1(x) = −
(
2x2 + 3x+ 3(2x− 1)f(x))x−2, (A.1)
A1/2(x) = 2 (x+ (x− 1)f(x))x−2, (A.2)
A0(x) = − (x− f(x))x−2, (A.3)
f(x) =
{
arcsin2
√
x x ≤ 1
−14
(
log 1+
√
1−x−1
1−√1−x−1 − ipi
)2
x > 1
. (A.4)
A.2 One-loop functions for h→ Zγ
The relevant one-loop functions are defined as
C0(x, y) = I1(x, y), (A.5)
C1(x, y) = 4(3− tan2 θW )I2(x, y) +
(
(1 + 2x−1) tan2 θW − (5 + 2x−1)
)
I1(x, y), (A.6)
C1/2(x, y) = I1(x, y)− I2(x, y), (A.7)
where
I1(x, y) =
xy
2(x− y) +
x2y2
2(x− y)2
(
f(x−1)− f(y−1))+ x2y
(x− y)2
(
g(x−1)− g(y−1)) ,(A.8)
I2(x, y) = − xy
2(x− y)
(
f(x−1)− f(y−1)) , (A.9)
g(x) =
√
x−1 − 1 arcsin√x, x ≥ 1. (A.10)
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Appendix B
CKM non-unitarity and Z mediated
FCNCs in top quark production and
decays
In absence of right-handed charged currents, experimental constraints on
∑
i=d,s,b |V Lti |2 = 1 −
∆ut ≤ 1 and also |V Ltb |2 can be obtained from the measurements of the (t-channel) single top
production cross-section (σt) at the LHC and the fraction of top decays to Wb pairs in tt¯
production (R). Assuming t → Wq channels dominate the top decay width, to a very good
approximation R is given by R ' |V Ltb |2/(
∑
i=d,s,b |V Lti |2) and we can use the recent CMS result
Rexp = 0.98±0.04 [153]. Note that this measurement alone requires that |V Ltb |  |V Lts |, |V Ltd |. The
relevant t-channel single top production cross-section can then be written as σt ' σSMt |V Ltb |2R,
where the SM prediction of σSMt = 64.6
+2.7
−2.0 pb [154] is obtained with |V Ltb | = 1 and R = 1.
We compare this to the weighted average of the recent ATLAS [155], and CMS [156] results
(σexpt = 68.5 ± 5.8 pb ). Performing a χ2 fit of the two experimental quantities in terms of
|V Ltb |2 and
∑
i=d,s,b |V Lti |2 (and taking into account theoretical constraints
∑
i=d,s,b |V Lti |2 ≤ 1
and |V Lti | > 0) we obtain the 95% C.L. lower bounds of
|V Ltb |2 > 0.85 ,
∑
i=d,s,b
|V Lti |2 > 0.87 . (B.1)
In models with up-type weak singlet vector-like quarks, |Xut| and |Xct| will contribute to FCNC
top decays. Combined with σt and R, the experimental bounds on B(t→ Zq) can then be used
to constrain
√|Xut|2 + |Xct|2 ≡ |Xtu,tc|. The presence of these new decay channels in principle
also needs to be accommodated in σt and R by writing
σt = σSM|V Ltb |2
(
1
R
+ ρWZ
|Xtu,tc|2
|V Ltb |2
)−1
, (B.2)
where
ρWZ =
1
2
(2M2Z +m
2
t )
(
1− M2Z
m2t
)2
(2M2W +m
2
t )
(
1− M2W
m2t
)2 , (B.3)
takes into account the dominant phase-space difference in t → Wq and t → Zq decays. In
addition, searches for t → Zq typically assume B(t → Wb) + B(t → Zq) = 1 and |V Ltb | = 1. In
3
CKM non-unitarity and Z mediated FCNCs in top quark production and decays 4
presence of |V Ltb | < 1, the experimental results should instead be compared to
B(t→ Zq) =
(
1 +
|V Ltb |2
ρ|Xtu,tc|2
)−1
. (B.4)
Including the recent ATLAS result B(t→ Zq)exp < 0.73% [157] in our fit, we first observe that
the presence of FCNCs has no observable effect on the results in eq. (B.2). On the other hand,
we can obtain an upper bound on |Xtu,tc| < 0.14 at 95% C.L. .
Although the presence of right-handed charged currents complicates the analysis of top produc-
tion and decays, a robust bound on |Ytu,tc| and also |V Rtb | can nonetheless be obtained. To a
good approximation namely in this case
R =
|V Ltb |2 + |V Rtb |2∑
i=d,s,b(|V Lti |2 + |V Rti |2)
, (B.5)
and thus experimentally |V Ltb |2 + |V Rtb |2  |V Lts |2, |V Rts |2, |V Ltd |2, |V Rtd |2 . In addition, the presence
of V Rtb will affect single top production as
σt = σSM(|V Ltb |2 + κR|V Rtb |)
(
1
R
+ ρWZ
|Ytu,tc|2
|V Ltb |2 + |V Rtb |2
)−1
, (B.6)
where κR ' 0.92 [158] . Finally, V Rtb contributes to the positive W helicity fraction (F+) in top
decays as
F+ = |V
L
tb |2
|V Ltb |2 + |V Rtb |2
FSM+ + ηR+
|V Rtb |2
|V Ltb |2 + |V Rtb |2
2x
(1 + 2x)
, (B.7)
where FSM+ = 0.0017(1) [159], x = (mW /mt)2 and ηR+ = 0.93 parametrizes NLO QCD cor-
rections [160]. Using the recent determination of Fexp+ = 0.01(5) by ATLAS [161] we obtain
|V Rtb | < 0.2|V Ltb |. Thus we may conservatively use the results of the previous paragraphs also to
constrain |V Ltb | > 0.85 and |Ytu,tc| < 0.14 .
Appendix C
Bounds on down-type quark mixing
with vector-like weak singlets and
doublets from rare K and Bq
processes
Model independent bounds on the off-diagonal entries of Xd, Y d in models with additional
vector-like down-type weak singlet and weak doublet quarks respectively can be obtained from
their tree-level (Z-mediated) contributions to FCNCs involving down-type quarks. For exam-
ple, a bound on Xdds, Y
d
ds can be extracted from the KL → µ+µ− decay. We use a conservative
estimate for the pure short distance branching fraction B(KL → µ+µ−)expSD < 2.5 × 10−9, ob-
tained using dispersive techniques [162], as a 1σ upper bound. Neglecting the much smaller SM
contributions, the Xdds contribution can be written as
B(KL → µ+µ−)X = G
2
F
16pi
f2KmKτKLm
2
µ
√
1− 4m
2
µ
m2K
Re(Xsd)
2 . (C.1)
Using the inputs for GF , masses and lifetimes from [190] and also fK = 155.37(34) MeV [132]
we obtain Re(Xsd) < 1×10−5 (the same result applies also to Ysd) . Since much stricter bounds
are expected on Im(Xsd) (Im(Ysd)) from the precise knowledge of K , we interpret the above
values as conservative constraints also on the moduli of Xsd and Ysd.
In the Bd sector, Xbd contributes at the tree-level both to Bd → µ+µ−, as well as in B0 − B¯0
mixing. Neglecting Xbd loop level corrections due to CKM non-unitarity and dynamical vector-
like quarks running in the loop, the Bd → µ+µ− branching fraction can be written as
B(Bd → µ+µ−) = G
2
F
8pi
f2BdmBdτBdm
2
µ
√
1− 4m
2
µ
m2Bd
∣∣∣∣λtbdCSMdB=1 + Xbd√2
∣∣∣∣2 , (C.2)
with λtbd = V
L
tdV
L∗
tb the relevant CKM combination and the SM Wilson coefficient given by
CSMdB=1 =
α√
2pis2W
ηY Y0
(
m2t
m2W
)
. (C.3)
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Here Y0 is the relevant Inami-Lim loop function [163]
Y0(x) =
x
8
[
4− x
1− x +
3x
(1− x)2 lnx
]
, (C.4)
while ηY = 1.01 [164] parametrizes higher order QCD corrections. For the values of SM input
parameters (in particular αem, sW and mt) we follow the prescription of [164] , and we use
fB = 190.6 ± 4.7 [165] . In the B0 − B¯0 system, the two most relevant observables are the
mass-difference between the two Bd mass eigenstates (∆md) and the CP violating phase in the
mixing (βd). Since the corresponding width difference (∆Γd) is small |∆Γd|  |∆md|, one can
write
∆md ' 2|Md12| , sin 2βd =
Im(Md12)
|Md12|
, where Md12 =
GF
12
mBdf
2
Bd
BBd
(
λtbd
2
CSMdB=2 +
X2bd√
2
)
.
(C.5)
with the SM Wilson coefficient given by
CSMdB=2 =
α√
2pis2W
ηBS
(
m2t
m2W
)
. (C.6)
Here again S is the relevant Inami-Lim loop function [163]
S(x) =
x
2
[
1
2
+
3
2
1− 3x
(1− x)2 −
3x2
(1− x)3 lnx
]
, (C.7)
while ηB = 0.939 [167] parametrizes higher order QCD corrections. In addition we use f
2
Bd
BBd =
0.0411± 0.0075 [166].
In absence of CKM unitarity, we need to determine not only Xbd but also the CKM combination
λtbd. For this purpose we use the radiative rate B → Xdγ, which is unaffected by Xbd at the tree-
level. Although it receives non-standard contributions proportional to Xbd due to CKM non-
unitarity and extra down-type quarks in the loops, these are parametrically (loop) suppressed
compared to tree-level effects in Bd → µ+µ− and B0 − B¯0 mixing. Using the SM recent
evaluation [168]
B(B → Xdγ)SMEγ>1.6GeV =
∣∣∣∣ λtbd0.0084
∣∣∣∣2 1.54(26)× 10−5 , (C.8)
and comparing it to the experimental result B(B → Xdγ)expEγ>1.6GeV = 1.41(57) × 10−5 [169]
we extract |λtbd| = 8.0+1.6−2.0 × 10−3 . Plugging this into eq. (C.2) we observe that compared
to the experimental 95% C.L. upper limit of B(Bd → µ+µ−)exp < 9.4 × 10−10 [170] the λtbd
contribution can be safely neglected and we obtain a bound on |Xbd| < 4 × 10−4. Note that
the measurements of ∆mexpd = 0.507(4) ps
−1 and sin 2βexp = 0.679(20) [136] cannot be used
to impose a stricter constraint since the phases of λtbd and Xbd can always be arranged such
that cancellations between these contributions weaken the prospective bounds above the one by
B(Bd → µ+µ−)exp .
Finally in the Bs sector we can proceed similarly, with obvious replacements λ
t
bd → λtbs and
Bd → Bs. We again employ B → Xsγ to extract |λtbs| (modulo loop-suppressed Xbs effects)
as |λtbs| = 0.043(2) [190] and use fBs = 227.6 ± 5.0 [165], f2BsBBs = 0.0559(68) [166] for
hadronic inputs. By comparing to the experimental values of ∆mexps = 17.719(43) ps−1, 2βexps =
−0.1(6.1)◦ [136] and B(Bs → µ+µ−)exp = (3.2+1.5−1.2) × 10−9 [170] we thus obtain a bound on
|Xbs| < 1× 10−3 , which is again dominated by the muonic Bs decay rate.
Bounds on down-type quark mixing with vector-like weak singlets and doublets from rare K
and Bq processes 7
The presence of vector-like weak doublet quarks induces right handed charged and neutral
currents among SM quarks. The resulting flavor phenomenology is very rich and deserves a
dedicated study. For our purpose however, it suffices to show that to a first approximation, one
can actually neglect all terms coming from right handed charged current operators as well as
the ones containing extra u′, d′ quarks in the loops contributing to quark FCNCs. This requires
some knowledge of the mixing matrices, which can be expressed through the parameters of
the Yukawa sector in terms of an expansion in ratios of mass parameters, which enables us to
connect the left and right handed mixing matrices. However, the approximation only holds
if such an expansion is justified, as we will check a posteriori. First recall that the up- and
down-like quark mass matrices in presence of a single vector-like quark doublet can be written
in the form (3.30). Diagonalizing the productsMM† andM†M one obtains the left and right
mixing matrices, respectively, which we write in the form (c.f. [171])
Uu,dL,R =
(
Ku,dL,R R
u,d
L,R
Su,dL,R T
u,d
L,R
)
. (C.9)
The mixing matrices between the vector-like and chiral quarks can most easily be obtained by
starting from a basis of right handed chiral quarks, where yu,dy
†
u,dv
2/2 are both diagonal, which
can be done as the right handed chiral quarks are isosinglets. The mixing yU,Dv/
√
2 is bounded
by the EW scale v, whereas the Dirac mass mQ is experimentally required to be larger. Taking
thus v/MQ as the expansion parameter, it can be shown that, to first order in this expansion,
both 4× 4 right-handed rotation matrices schematically take the form
Uu,dR =
 13×3 y†U,Dv√2MQ
− yU,Dv√
2MQ
1
+O( v2
M2Q
)
, (C.10)
so the right handed charged currents are suppressed with V Rll ∼ O(v2/M2Q) and V Rlh ∼ O(v/MQ),
where l, h stand for light three generations and the extra heavy quarks, respectively.
Turning to the left handed sector, we can choose e.g. a basis of left handed quarks where yu
is diagonal and real and use a unitary transformation to diagonalize yd. Then we proceed in
a similar way as before, and we obtain that, to first nonvanishing order in v/MQ, K
u,d
L from
(C.9) equal those matrices (no corrections to unity or unitarity). Combining the up and down
rotations, the 3× 3 upper left submatrix of V L takes the form
V Lij = (K
u
L)ik(K
d
L)
∗
jk + (R
u
L)i(R
d
L)
∗
j , i, j, k = 1, 2, 3. (C.11)
In order to obtain the matrix elements, one has to solve the equations Mu,dMu,d†Uu,dL =
Uu,dL D
2
u,d, where Dq = diag(mq,mq′) are the diagonal mass matrices. In the process we require
that the entries in Uu,dL mixing chiral and vector-like components (R
u,d
L and S
u,d
L ) are smaller
than the remaining ones (Ku,dL and T
u,d
L ) in terms of v/MQ scaling (similar to the case of U
u,d
R ).
Also, we assume that the corrections to the masses are small enough so that mq,mq′ are of order
v and MQ, respectively. Consequently the equations for R
u,d
L read
v2(yu,dy
†
u,dR
u,d
L + yu,dy
†
U,DT
u,d
L ) = 2m
2
u′,d′R
u,d
L . (C.12)
With the mentioned assumptions, one can neglect the first term in the above equation, obtaining
Ru,dL = v
2yu,dy
†
U,D/2m
2
u′,d′ . Thus, R
u,d
L are one order higher than R
u,d
R (see C.10), the off-diagonal
elements in the fourth row and column are of higher order as well, which makes KdL a unitary
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3× 3 matrix to second order in v/MQ. Consequently all right handed contributions, as well as
corrections in the left handed sector are doubly suppressed in the loops of Bs → µ+µ− and we
can deduce a conservative bound on the FCNC’s by neglecting the afore mentioned corrections,
as we have done it in the vector-like singlet quark case. In fact, with the approximations made,
the upper bound on |Ybs| is the same as the one on |Xbs| in the down-type singlet case.
Appendix D
Constraining Z → qq¯
The appearance of Z-mediated FCNC’s is generically connected to modifications of diagonal
Zff¯ couplings. In the quark sector, such effects can be probed by direct measurements of the
hadronic Z decay width, its heavy flavor decays, such as Z → bb¯, but also at low energies by
e.g. atomic parity violation (APV) measurements. In general we can parametrize the chiral Zqq¯
couplings in terms of GqM (M = L,R) as the coefficients multiplying − gcosθW (qMγµqM )Zµ and
δGqM = G
q
M − (GqM )SM where (GqM )SM are given in ref. [172]. In our scenarios δGqL = δXuqq/2
or δGqL = −δXdqq/2, and δGqR = Y uqq/2 or δGqR = −Y dqq/2 .
Stringent constraints on Xuuu and X
d
dd can be derived from APV measurements in
133Cs. The
tree level modification of the Z boson couplings to first generation quarks will modify the nuclear
weak charge as [173]
δQW (Z,N) = 2(2Z +N)(δG
u
L + δG
u
R) + 2(Z + 2N)(δG
d
L + δG
d
R) , (D.1)
where the measured value deviates from the SM expectation by 1.5σ [174]
QW −QSMW ≡ δQW = 0.65(43). (D.2)
For the singlet up-like vector-like quark, this constrains δXuuu = 0.0035(23), while for the singlet
down-like vector-like quark δXddd = −0.0031(20). In the doublet case, one has two indepen-
dent variables δGuR and δG
d
R at the tree level, and only a certain linear combination can be
constrained, namely Y uuu − 1.12Y ddd = 0.0035(23).
Observable Measured value SM prediction Reference
Rb 0.21629(66) 0.21474(3) [175, 176]
Ab 0.923(20) 0.9347(1) [175, 190]
AbFB 0.0992(16) 0.1032(6) [175, 176]
σhad[nb] 41.541(37) 41.477(9) [175, 190]
ΓZ [MeV] 2495.2(2.3) 2495.5(1.0) [175, 190]
Rc 0.1721(30) 0.17227(4) [175, 190]
Ac 0.670(27) 0.6680(4) [175, 190]
AcFB 0.0707(35) 0.0739(5) [175, 190]
Table D.1: Z pole observables used in the analysis and their SM predictions. Correlations
between observables are neglected.
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Additional constraints can be derived from direct Z → qq¯ measurements presented in Table D.1.
In particular, the total Z decay width is given by
ΓZ = Γinv + Γlep + Γhad. (D.3)
It incorporates the decays to leptons, where Γlep = 251.7 MeV in the SM, decays into invisible
particles (neutrinos), being Γinv = 501.6 MeV in the SM, and the decays into hadrons. The
hadronic width is the sum over the decays into all kinematically accessible quarks, that is all
SM quarks but the top, Γhad =
∑
q Γq. The partial Z-decay width to light quarks is given by
Γq ≡ Γ(Z → qq¯) = NCGFM
3
Z
6
√
2pi
(
RqV
∣∣GqL +GqR∣∣2 +RqA ∣∣GqL −GqR∣∣2)+ ∆qEW,QCD,
with radiator factors RqV and R
q
A and non-factorizable radiative correction parameters ∆
q
EW,QCD
given in [172]. The fractions of hadronic Z decays involving b quark pairs and c quark pairs are
defined as
Rb =
Γb
Γhad
, Rc =
Γc
Γhad
, (D.4)
respectively. The associated bottom and charm quark left-right asymmetries (Ab and Ac), and
forward-backward asymmetries (AbFB and A
c
FB) can be written as
Af =
2
√
1− 4zf G
f
L+G
f
R
GfL−GfR
1− 4zf + (1 + 2zf )
(
GfL+G
f
R
GfL−GfR
)2 , AfFB = 34AeAf , (D.5)
where f = b, c and zf = m
2
f (mZ)/m
2
Z . The electron asymmetry parameter is fixed to its SM
value, (Ae)SM = 0.1464.
Another interesting quantity is the hadronic e+e− cross section at the Z pole (σhad). It can be
written as
σhad =
12pi
M2Z
ΓeΓhad
Γ2Z
, (D.6)
where Γe = 84.005 MeV and Mz = 91.1876 GeV. We perform a χ
2 fit of the data presented in
Table D.1 in terms of δGqM as fitting parameters. The results are presented in the (δG
b
R, δG
b
L)
plane, after marginalizing over all other variables, in Fig. D.1 left. At the best fit point χ2min =
3.7, and the most important observables in the fit are Rb, A
b
FB and σhad, which contribute
to χ2SM − χ2min by 5.6, 4.9 and 1.3, respectively. In the SM reference scenario χ2SM = 14.9,
corresponding to a p-value of 0.06. The largest contributions to χ2SM come from Rb, A
b
FB and
σhad and are 5.6, 5.2 and 2.8 respectively. We also perform a χ
2 fit only with δGbR and δG
b
L while
putting other parameters to zero. In this case χ2min = 7.8 with p-value 0.25. The corresponding
1σ and 2σ regions are presented in the left Fig. D.1 by red and orange curves, respectively. As
expected, the data is mainly sensitive to bottom quark couplings leading to model independent
bounds of δGbL = 0.002(2) and δG
b
R = 0.015(6).
Now, we turn to specific models. In the singlet up-type vector-like quark model, tree level
modification of δGuL and δG
c
L is possible. Taking into account the severe constraint on δX
u
uu =
−0.0001(6) from CKM unitarity, δGuL has no significant influence in the fit. Therefore, we
use the data to extract the best current constraint on δXucc = −0.0020(13). The constraint
comes essentially from three observables: Rb, σhad and Γz, which are more constraining than
direct Z → cc¯ measurements Rc and AcFB. We calculate the individual contribution to ∆χ2
from each observable in the points which are ±1σ away from the best fit point. Contributions
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Figure D.1: Left: Fit of Z-pole data taking δGqL,R for q = u, d, c, s, b as fitting parameters.
Best fit point (cross), 1σ (dark gray) and 2σ (light gray) regions are shown in the (δGbR, δG
b
L)
plane after marginalizing over the other parameters. The results of the fit for fixed δGu,d,c,sL,R = 0
are given by the red contour (1σ region) and the orange contour (2σ region). Right: The fit
of Z-pole data in the model with a singlet down-like vector-like quark. Best fit point (cross),
1σ (dark gray) and 2σ (light gray) regions are shown in (δXdbb, δX
d
ss) plane.
to ∆χ2−σ from Rb, σhad, Γz , Rc and AcFB are −1.1, −0.7, 2.5, 0.4 and −0.1, respectively,
while contributions to ∆χ2+σ from Rb, σhad, Γz, Rc and A
c
FB are 1.4, 1.1, −1.4, −0.2 and 0.1,
respectively.
In the singlet down-type vector-like quark model, tree level modifications of δGdL , δG
s
L and
δGbL are possible. APV puts a strong constraint on δX
d
dd, so that the Z data can be fitted
with only two parameters, δXdss and δX
d
bb. Results are presented in Fig. D.1 right. The best
fit point now corresponds to (δXdbb, δX
d
ss) = (0.0027,−0.0046) where χ2min = 8.7. The fit is
statistically better than in the SM with a p-value of 0.2. The most relevant observable in
the fit is Rb and its contribution to χ
2
SM − χ2min is 5.6, while the contribution of σhad is 1.0.
Analyzing one-dimensional χ2 functions for each observable, we find 1σ preferred regions to be
δXdss = −0.005(2) and δXdbb = 0.0027(15). Finally, including δXddd in the fit and taking into
account the APV constraint, the preferred region for δXdss is reduced to δX
d
ss = −0.002(3),
while the preferred region for δXdbb is unaffected.
In the doublet vector-like quark model, tree level modification of all right handed couplings of
light quarks with Z boson is possible. Therefore, we fit Z-pole observables together with the
APV constraint on Y uuu − 1.12Y ddd with five parameters Y uuu, Y ucc, Y ddd, Y dss and Y dbb. Marginal-
izing over four parameters, we get the preferred range for the remaining one. Modification of
charm and bottom quark couplings can be constrained to a percent level, Y dbb = −0.018(6) and
Y ucc = −0.003(9). Negative value for Y dbb is mainly driven by Rb and AbFB, which contribute to
χ2SM − χ2min by 5.5 and 3.5, respectively. In the case of the light quark couplings, observables
given in the table can not distinguish between different light flavors, giving very poor constraints
on one coupling after marginalizing over others. Therefore, we include new observables into the
fit which are poorly measured but can distinguish between light quark flavours, namely asym-
metries associated with the strange quark, with experimental values (As)exp = 0.895(91) and
(AsFB)exp = 0.0976(114) [190]. The constraints we get are rather mild, since the experimental
values for As and A
s
FB have large experimental uncertainties. We obtain the following bounds
on Y uuu = 0.035(40), Y
d
dd = 0.030(35) and Y
d
ss = −0.05+0.08−0.06.
Finally, in the model with one vector-like quark doublet mixing predominantly with the third
generation, modification of δGbR is induced at tree level δG
b
R = −(1/2)s2bD, while modification
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Figure D.2: Fit of Z-pole data in the model with a doublet vector-like quark mixing predom-
inantly with the third generation. Best fit point, 1σ (dark gray) and 2σ (light gray) regions
are shown in the (sbD, stU ) plane.
of δGbL is induced at one-loop level
δGbL =
g2
64pi2
s2tU
(
f1(x, x
′)
r
+ f3(x, x
′)
)
, (D.7)
where x ≡ m2t /m2W , x′ ≡ m2u′/m2W and r ≡ m2u′/m2t , and f1 and f3 are loop functions given
in refs. [146, 177]. The above expression is given in the x, x′  1 limit and for small mixing
angles. In our numerical evaluation we use the full one-loop expressions and do not assume
small mixing angles, even though we note that the above approximations are fairly good. Using
the available Z-pole data to fit sbD and stU parameters, we present the results in the (sbD, stU )
plane in Fig. D.2 for fixed mu′ = 800 GeV. We have checked, however, that the results are
mostly insensitive to the precise value of the u′ mass in the interesting region (500 GeV <
mu′ < 1500 GeV). Marginalizing over sbD, we obtain |stU | < 0.35 at 95% C.L. .
Appendix E
Doublet vector-like quark
contributions to ρ parameter in
presence of 1/Λ corrections
In the renormalizable doublet vector-like quark model, the divergences in the loop calculation
of the ρ parameter vanish only after imposing the connection between masses and mixing angles
in the up- and down-quark sectors namely
MD = MU ≡MQ , (E.1)
with
M2D = c
2
bDm
2
d′ + s
2
bDm
2
b ,
M2U = c
2
tUm
2
u′ + s
2
tUm
2
t . (E.2)
Relation E.1 no longer holds after the inclusion of non-renormalizable operators. However, one
can still relate the parameters in the up and down sector through the identities:
MU,D ≡
√
M¯2U,D + v
4((c−1 )i(c
−
1 )
∗
i )/4Λ
2 , M¯U,D ≡MQ ± v2c−2 /2Λ . (E.3)
Expanding to O(1/Λ), the divergences in ρ again cancel. Building upon known oblique correc-
tions from vector-like quarks in the renormalizable model [178], the new physics contribution
to the ρ parameter including leading dimension 5 non-renormalizable operators can then be
written as
∆ρ =
αNC
16pis2W
{ ∑
i=t,u′,j=b,d′
[(
|V˜ Lij |2 + |V˜ Rij |2
)
g1(xi, xj) + 2Re
(
V˜ Lij V˜
R∗
ij
)
g2(xi, xj)
]
− s2bDc2bDg1(xd′ , xb)− s2tUc2tUg1(xu′ , xt)− g1(xt, xb) + gnr
}
, (E.4)
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where xi ≡ m2i /m2W . The corresponding mixing matrices are defined as (V˜ L)ij ≡ (U˜Lu )ik(U˜Ld )∗jk
and (V˜ R)ij ≡ (U˜Ru )i2(U˜Rd )∗j2, where
U˜Ru,d =
(
ctU,bD stU,bD
−stU,bD ctU,bD
)
, U˜Lu,d =
(
c′tU,bD s
′
tU,bD
−s′tU,bD c′tU,bD
)
. (E.5)
The relevant loop functions are given by
g1(x1, x2) ≡ x1 + x2 − 2x1x2
x1 − x2 ln
x1
x2
, (E.6)
g2(x1, x2) ≡ 2√x1x2
(
x1 + x2
x1 − x2 ln
x1
x2
− 2
)
, (E.7)
while the new term which incorporates explicit effects due to O(1/Λ) non-renormalizable mass-
splitting operators reads
gnr = 4δ
{
s2bDxb ln
xb
xd′
− s2tUxt ln
xt
xu′
+ xU ln
xd′
xu′
}
, (E.8)
with δ ≡ (MU −MD)/MU and MU,D given in E.2 (note that xU refers to M2U/m2W ).
Appendix F
Relic density and direct detection
The DM relic abundance is found by solving the following Boltzmann equation,
dY
dx
=
1
3H
ds
dx
〈σv〉 (Y 2 − Y 2eq) , (F.1)
where H is the Hubble constant, x ≡ mDM/T with mDM the DM mass, and Y ≡ n/s with n and
s the number density and entropy density respectively. The thermal average of the annihilation
cross section is given by [216]
〈σv〉 =
∫ ∞
th
d
2x
K2(x)2
√
(1 + 2)K1(2x
√
1 + )σv . (F.2)
Here Ki(x) is the i−th order modified Bessel function of the second kind. The parameter  is
the kinetic energy per unit mass defined as  ≡ (s− 4m2DM)/(4m2DM), while th is the threshold
kinetic energy per unit mass. It is th = 0 if 2mDM ≥ m3+m4, and th = (m3+m4)2/(4m2DM)−1
if 2mDM < m3 +m4, with m3 and m4 the masses of the final state particles.
In the early universe, DM is assumed to be in equilibrium. Once the temperature drops below
the DM mass, Yeq is exponentially suppressed. When the freeze-out temperature is reached, the
equilibrium is no longer maintained. As the result, one can integrate the Boltzmann equation
to determine relic abundance [216, 217]
Ωh2 =
1.07× 109 GeV−1√
g∗MPl
(∫ ∞
xf
dx
〈σv〉
x2
)−1
, (F.3)
where MPl = 1.22× 1019 GeV is the Planck mass, and g∗ is the number of effective relativistic
degrees of freedom at freeze-out. The freeze-out temperature Tf is determined through (xf ≡
mDM/Tf )
xf = ln
0.038gMPlmDM 〈σv〉√
g∗xf
, (F.4)
with g the number of DM degrees of freedom.
We review next the calculation of direct DM detection bounds. The operators given in Eqs.
(5.8) and (5.10) lead to the DM-quark interactions which then induce the scattering of DM on
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nuclei. For operators in Eq. (5.8), the DM-nucleon cross sections are found to be (N = p, n)
σφSIp,n =
8G2F
pi
c2φ
(vEW
Λ
)4
µ2φN (2Yu,d + Yd,u)
2,
σψSIp,n =
G2F
2pi
(cLψ + c
R
ψ )
2
(vEW
Λ
)4
µ2ψN (2Yu,d + Yd,u)
2,
σψSDp,n =
3G2F
8pi
(cLψ − cRψ )2
(vEW
Λ
)4
µ2ψN (−∆p,nu + ∆p,nd + ∆p,ns )2,
σV SIp,n =
32G2F
pi
c2V
(vEW
Λ
)4
µ2ψN (2Yu,d + Yd,u)
2. (F.5)
Similarly, for operators in Eq. (5.10) we have
σφSIN =
1
8pi
µ2φNm
2
Nv
2
EW
Λ4
1
m2φ
(∑
q
fφ
fNq
mq
)2
,
σψSIN =
1
2pi
µ2ψNm
2
Nv
2
EW
Λ6
(∑
q
fSψ
fNq
mq
)2
+
1
2
|p|2
m2ψ
(∑
q
fPψ
fNq
mq
)2 ,
σψSDN =
6
pi
µ2ψNv
2
EW
Λ6
(∑
q
fTψ δ
N
q
)2
,
σV SIN =
1
2pi
µ2V Nm
2
Nv
2
EW
Λ4
1
M2V
(fV )
2
(∑
q
fV
fNq
mq
)2
. (F.6)
In above equations, |p| ∼ 1 MeV is the DM momentum in the center of mass frame, µχN is
the DM-nucleon reduced masses (with χ = φ, ψ, V ), and the relevant quark-Z couplings are
Yu =
1
2 − 43s2W , and Yd = −12 + 23s2W . The parameters fNq ≡ m−1N 〈N |mqψ¯qψq |N〉, ∆Nq , and δNq
indicate the nucleon form factors for scalar, axial-vector, and tensor interactions, respectively.
Their values are given by [193]
fpu = 0.023 , f
p
d = 0.033 , f
p
s = 0.26 ,
fnu = 0.018 , f
n
d = 0.042 , f
n
s = 0.26 ,
fp,nc,b,t =
2
27
1− ∑
q=u,d,s
fp,nq
 ,
∆p,nu = 0.842 , ∆
p,n
d = −0.427 , ∆p,ns = −0.085 ,
δp,nu = 0.84 , δ
p,n
d = −0.23 , δp,ns = −0.05 . (F.7)
We use XENON100 bounds from Ref. [186] for spin-independent (SI) case and Ref. [191] for
spin-dependent (SD) case to constrain the parameter space given by the relic density. We always
use the more constraining choice.
Appendix G
Tagging Top Decays to Higgs + Jet
In this appendix, we give details on the “th” tagging algorithm used in Sec. 4.4.2 to iden-
tify hadronic t → j + (h → b¯b) events. Our method is based on the HEPTopTagger algo-
rithm v1.0 [242, 243], a detailed description of which is given in the Appendix of [243]. In
simplified terms HEPTopTagger starts from a fat jet, which it unclusters partially to identify
the three subjets that are most likely to originate from a top decay based on their invariant
mass m123. The algorithm then imposes cuts on the invariant masses m12, m13 and m23 of
different pairings of these three subjets, where the indices 1, 2 and 3 stand for the subjet with
the largest, next-to-largest and smallest pT , respectively. In particular, one of the following
three conditions has to be satisfied [243]:
(i) 0.2 < arctan
m13
m12
and Rmin <
m23
m123
< Rmax ,
(ii)
m23
m123
> 0.35 and R2min
[
1 +
m213
m212
]
< 1− m
2
23
m2123
< R2max
[
1 +
m213
m212
]
,
(iii)
m23
m123
> 0.35 and R2min
[
1 +
m212
m213
]
< 1− m
2
23
m2123
< R2max
[
1 +
m212
m213
]
.
(G.1)
The motivation for these cuts can be seen in Fig. G.1, which shows the distributions of m23/m123
and arctan(m13/m12) for signal and background events. The conditions on the left in Eq. (G.1)
loosely define the physically accessible region, while the cuts on the right impose the condition
that one of the subjet pairs reconstructs to the mass of an on-shell intermediate particle: the
W for the original HEPTopTagger and the Higgs for our t → h tagger. Based on Fig. G.1,
we choose Rmin = 0.9mH/mt, Rmax = 1.1mH/mt in our most conservative analysis (loose th
tags), and Rmin = 0.9mH/mt, Rmax = 1.0mH/mt in our more optimistic analysis (tight th
tags).1 The latter is based on the observation that the invariant masses of the subjets from
Higgs decay tend to be slightly smaller than the true mH on average. We attribute this to
individual hadrons falling outside the fat jet cone, being reconstructed as part of the wrong
subjet, or being removed by filtering. Note that these effects are largest for the softest subjets.
As discussed in Sec. 4.4.2, we require the two jets most likely originating from a Higgs decay to
contain b tags. In the absence of a full detector simulation we perform b tagging by searching for
b or c quarks with pT > 25 GeV within an angular distance ∆R < 0.4 from the reconstructed
subjet axis. If a b or c quark satisfying these requirements exists inside the subjet, we assign a b
1Note that a tight th tag implies not only more restrictive cuts on m23/m123 and arctan(m13/m12), but also
that the fat jet does not simultaneously carry a top tag.
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Figure G.1: Subjet invariant mass distributions for (a) tt¯ → hhjj → bb¯bb¯jj events, (b)
tt¯ → bb¯W+W− → bb¯jjjj events, (c) QCD multijet events. mij denotes the invariant mass of
the i-th and j-th HEPTopTagger subjets after filtering and reclustering into exactly 3 subjets.
Subjets are ordered by decreasing transverse momentum. The Rmin and Rmax dependent cuts
from Eq. (G.1) restrict the analysis to events lying within the dashed bands. We have used
Rmin = 0.9mH/mt and Rmax = 1.1mH/mt. The median of the dashed bands corresponds to
mij = mh for one combination of i, j = 1, 2, 3.
tag with a probability depending on the quark’s transverse momentum pT and its pseudorapidity
η according to
for b quarks: 
(b)
b =

0.5 tanh(0.03 pT − 0.4) for pT > 15 GeV and |η| ≤ 1.2 ,
0.4 tanh(0.03 pT − 0.4) for pT > 15 GeV and 1.2 < |η| ≤ 2.5 ,
0.0 otherwise ,
(G.2)
for c quarks: 
(c)
b =

0.2 tanh(0.03 pT − 0.4) for pT > 15 GeV and |η| ≤ 1.2 ,
0.1 tanh(0.03 pT − 0.4) for pT > 15 GeV and 1.2 < |η| ≤ 2.5 ,
0.0 otherwise .
(G.3)
If no sufficiently hard and central b or c quark is found, the probability that the jet is still
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misidentified as a b jet is 
(u,d,s)
b = 0.001. In practice, we do not actually discard events, but
merely reweight them with the appropriate tagging efficiency.

Appendix H
Povzetek doktorskega dela
H.1 Uvod
V fenomenologiji snovi in sevanja na mikroskopskem nivoju nastopajo tri temeljne interakcije,
mocˇna, elektromagnetna ter sˇibka interakcija. Standardni model fizike osnovnih delcev (SM) je
spontano zlomljena umeritvena teorija polja, ki temelji na simetrijski grupi SU(3)C×SU(2)L×
U(1)Y . Teorijo mocˇne interakcije oziroma kvantno kromodinamiko (QCD) [16–19], opisuje
SU(3)C podgrupa, medtem ko elektrosˇibki interakciji, ki poenoti sˇibko in elektromagnetno
interakcijo, pripada SU(2)L × U(1)Y [13–15] podgrupa standardnega modela. Silo prenasˇa
dvanajst umeritvenih bozonov; osem gluonov, ki pripadajo generatorjem QCD simetrijske grupe
ter sˇtirje elektrosˇibki bozoni: W+-, W−-, Z ter foton. V nasprotju z brezmasnimi gluoni in
fotoni so umeritvenimi bozoni, ki mediirajo sˇibko interakcijo, masivni. Prav zato je potem
umeritvena grupa standardnega modela spontano zlomljena na SU(3)C × U(1)QED.
Masna polja standardnega modela so kvarki in leptoni. To so fermioni s spinom 1/2, ki se pod
umeritvenimi simetrijami grupe standardnega modela transformirajo kot singletne ali fundamen-
talne reprezentacije. Kvarki interagirajo z mocˇno interakcijo in tvorijo barvne triplete, medtem
ko so leptoni barvni singleti. Poznamo dva tipa kvarkov v oziru na nezlomljeno simetrijo; kvarke
tipa up, ki nosijo eletricˇni naboj +2/3 ter kvarke tipa down, ki nosijo naboj −1/3. Podobno kot
kvarki, tudi leptoni pridejo v parih. Nabiti leptoni nosijo naboj −1, medtem ko nevtrini nimajo
elektricˇnega naboja. Vsa masna polja nastopajo v treh generacijah; tri kopije iste reprezentacije
umeritvene grupe se pojavijo pri treh razlicˇnih masah. Temu pravimo okus.
Danasˇnjo formulacijo standardnega modela je v veliki meri vodila eksperimentalna odkritev, da
je v sˇibkih interakcijah krsˇena parnost [25]. Nabiti sˇibki tokovi namrecˇ interagirajo izkljucˇno z
levo-rocˇnimi fermioni, kar pomeni, da so v standardnem modelu levo-rocˇni fermioni transformi-
rajo kot dubleti pod SU(2)L simetrijsko grupo, medtem ko se desno-rocˇni fermioni transformi-
rajo kot singleti. Kiralna narava teorije tako za fermione prepoveduje direkten masni cˇlen v
lagrangianu standardnega modela. Izkazˇe se, da je vprasˇanje fermionskih mas v standardnem
modelu povezano z zlomom elektrosˇibke simetrije (EWSB). V Tabeli H.1 povzamemo vsa polja
standardnega modela in njihove umeritvene reprezentacije.
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oznaka SU(3)× SU(2)× U(1)
Vektorji
GAµ (8, 1, 1)
W Iµ (1,3, 1)
Bµ (1, 1, 1)
Fermioni
desno-rocˇni
uR (3, 1,
2
3)
dR (3, 1,−13)
eR (1, 1,−1)
levo-rocˇni
qL =
(
uL dL
)T
(3,2, 16)
lL =
(
νL eL
)T
(1,2,−12)
Skalarji H =
(
H+ H0
)T
(1,2, 12)
Table H.1: Polja znotraj standardnega modela ter njihove reprezentacije v okviru umeritvene
grupe.
Natancˇne meritve [26, 27] interakcij umeritvenih bozonov s fermioni so potrdile umeritveno
grupo standardnega modela ter njena kvantna sˇtevila. Kljub temu ostaja izvor zloma elek-
trosˇibke simetrije odprto vprasˇanje. Najti odgovor na to vprasˇanje je ena izmed pomemb-
nih nalog na podrocˇju fizike osnovnih delcev. V okviru standardnega modela se uvede do-
datno brezbarvno kompleksno polje, ki se transforomira kot dublet pod sˇibko simetrijo. To
dodatno polje mora imeti tak potencial, da nevtralna komponenta polja dobi nenicˇelno vaku-
umsko pricˇakovano vrednost (VEV). Na ta nacˇin se razlozˇi zlom elektrosˇibke simetrije ter maso
elektrosˇibkih bozonov. Fermionske mase se razlozˇi z istim mehanizmom preko umeritveno in-
variantne marginalne (Yukawa) interakcije med fermioni in skalarnim dubletom. Preostanek
tega mehanizma je fizicˇni skalarni delec z imenon Higgsov bozon. Velikost sklopitvene konstante
Higgsovega bozona z drugimi delci je proporcionalna njihovi masi. Tako je izvor mase osnovnih
delcev povezan z dinamicˇnim fenomenom, t.j. interakcijo med delci.
Z odkritjem Higgsovega bozona [40, 41], se koncˇno lahko preizkusˇa mehanizem zlomitve elek-
trosˇibke simetrije. Standardni model ponuja preprosto in napovedno realizacijo spontanega
zloma elektrosˇibke interakcije, ki ga uporabljamo kot merilo v nasˇih sˇtudijah. Podatki iz LHC-
ja so do zdaj sˇe konsistentni z Standardnim modelom, ampak kljub temu so velika odstopanja
sˇe vedno dovoljena. Zatorej je to primeren cˇas za proucˇevanje Higgsovega bozona. To nam
bo omogocˇilo razumeti fiziko na TeV skali, kar je tudi glavna motivacija za to delo. V sledecˇih
odstavkih bomo naredili pregled nad Higgsovim mehanizmom Standardnega modela, teoreticˇnimi
napovedmi lastnosti Higgsovega bozona v Standardnem modelu kot tudi eksperimentalnim stan-
jem.
H je kompleksno skalarno polje v (1,2, 12) reprezentaciji umeritvene grupe Standardnega mod-
ela [14, 15]. Splosˇen, umeritveno invarianten in renormalizabilen skalarni potencial lahko zapiˇsemo
kot:
V (H) = −µ2H†H + λ(H†H)2. (H.1)
Pogoj za spontani zlom simetrije je izpolnjen, ko postane parameter µ2 pozitiven, µ2 > 0. To
je ena izmed predpostavk Standardnega modela. Pravzaprav je pogosta kritika Standardnega
modela, da je le parametrizacija in ne razlaga zloma elektrosˇibke simetrije. V primeru super-
simetricˇne razsˇiritve Standardnega modela se zlom elektrosˇibke simetrije generira dinamicˇno.
V primeru, da pride do spontanega zloma simetrije, mora biti minimalna energija konfiguracije
polja enaka
〈
H†H
〉
= v
2
2 , kjer je v =
√
µ2/λ. Izberemo eno izmed mogocˇih resˇitev, na primer
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〈H〉 = (0, v/√2)T . Taka izbira je skladna s prejˇsnjo definicijo nezlomljenega U(1)QED gen-
eratorja, predvsem ustrezno anihilira vakuumsko stanje Q 〈H〉 = 0. Da lahko interpretiramo
teorijo, si pogledamo fluktuacije okoli izbranega vakuuma
H(x) = e
i
v
χa(x)σ
a
2
(
0
v+h(x)√
2
)
. (H.2)
Polja χa(x) nimajo vpliva na H†H, saj ustrezajo ploskim smerem v potencialu (Eq. 1.18). To
so prav ti Goldstonovi nacˇini, ki so potrebni, da imajo bozoni W±µ in Zµ maso. Za zacˇetek
razvijmo teorijo v unitarni umeritvi, t.j. ohranimo le fizikalne prostostne stopnje. Umeritev
izberemo preko unitarne transformacije e−
i
v
χa σ
a
2 H. Skalarni potencial v tej umeritve je podan
z:
V (h) =
m2h
2
h2 +
m2h
2v
h3 +
m2h
8v2
h4, (H.3)
kjer je mh =
√
2λv. Preostanek zloma elektrosˇibke simetrije je masivni skalarni delec (pogosto
imenovan kot Higgsov bozon). Hkrati so predvidene tudi kubicˇne in kvarticˇne sklopitvene
konstante na drevesnem nivoju, gh3 = −3m2h/v in gh4 = −3m2h/v2. Meritev teh sklopitvenih
konstant, cˇetudi zahtevna na danasˇnjih detektorjih, bi bila neposreden test spontanega zloma
simetrije.
Mase umeritvenih bozonov pridejo iz skalarnega kineticˇnega cˇlena po spontanem zlomu simetrije.
Higgsov kineticˇni cˇlen v unitarni umeritvi je
LHkin = (DµH)†(DµH)
=
1
2
(∂µh)
2 +
1
2
(v + h)2
4
(
g2(W 1µ)
2 + g2(W 2µ)
2 + (−gW 3µ + g′Bµ)2
)
=
1
2
(∂µh)
2 +m2WW
+
µ W
−µ
(
1 +
h
v
)2
+
1
2
m2ZZµZ
µ
(
1 +
h
v
)2
,
(H.4)
kjer je mW = gv/2 in mZ =
√
g2 + g′2v/2.
Poglejmo si se Yukawin sektor Standardnega modela [14]. Kvantna sˇtevila Higgsovega dubleta
so taka, da so mogocˇe sledecˇe renormalizabilne, umeritveno invariantne interakcije (ψ2φ):
LY = −Y uij q¯iLH˜ujR − Y dij q¯iLHdjR − Y eij l¯iLHejR + h.c.
= −vY
u
ij√
2
(
1 +
h
v
)
u¯iLu
j
R −
vY dij√
2
(
1 +
h
v
)
d¯iLd
j
R −
vY eij√
2
(
1 +
h
v
)
e¯iLe
j
R + h.c..
(H.5)
Tukaj je kompleksno konjugirana Higgsova reprezentacija definirana kot H˜ = iσ2H
∗. Okusni
indeksi i in j tecejo preko treh fermionskih generacij. Y u, Y d in Y e so arbitrarne kompleksne
matrike. Mase fermiononov se generirajo, ko Higgsovo polje pridobi vakuumsko pricˇakovano
vrednost.
Pred odkritjem Higgsovega bozona je bila Higgsova masa edini prosti parameter teorije. Teo-
reticˇne omejitve, ki temeljijo na vakuumski stabilnosti, trivialnosti ter unitarnosti [35] in eksper-
imentalne omejitve iz LEP-a [36] in Tevatron-a [37] so dopusˇcˇale precejˇsno svobodo masnemu
parametru. Ker pa lastnosti Higgsovega bozona temeljijo na njegovi masi, je bilo obmocˇje do-
voljene mase precej podrobno sˇtudirano in temeljito predstavljeno v [35]. To delo se osredotocˇi
na napovedi za mh = 125.6 ± 0.4 GeV, ki ustreza utezˇenemu povprecˇju trenutno pomerjenem
na ATLAS-u in CMS-u [60, 74].
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Kanal bb¯ WW ∗ gg ττ cc ZZ∗ γγ γZ µµ
BR [%]
56.7 22.4 8.52 6.22 2.86 2.79 0.228 0.159 0.0216
±1.9 ±0.9 ±0.86 ±0.35 ±0.35 ±0.12 ±0.011 ±0.014 ±0.0013
Table H.2: Razvejitvena razmerja za Higgsov bozon z maso mh = 125.6 GeV v Standardnem
modelu kot so napisana v CERN Report 3 [42]. Predvidena celotna razpadna sˇirina je Γhtot =
(4.15± 0.16) MeV.
√
s ggF [pb] VBF [pb] WH [pb] ZH [pb] ttH [pb] bbH [pb]
7 TeV 14.99+14.7%−14.9% 1.214
+2.8%
−2.4% 0.5688
+3.6%
−3.6% 0.3299
+5.7%
−5.7% 0.085
+11.6%
−17.7% 0.159
+19%
−28%
8 TeV 19.09+14.7%−14.7% 1.572
+2.8%
−3.0% 0.6931
+3.4%
−3.4% 0.4091
+5.7%
−5.7% 0.127
+11.9%
−17.4% 0.207
+19%
−30%
14 TeV 49.06+14.7%−14.0% 4.17
+2.8%
−3.0% 1.498
+4.1%
−4.7% 0.9552
+7.5%
−7.4% 0.603
+14.8%
−18.2% 0.573
+19%
−30%
Table H.3: Sipalni preseki za dominante produkcijske kanale Higgsovega bozona na LHC,
kot v CERN Report 3 [42]. Teoreticˇne negotovosti iz variacije skale QCD, omejenega znanja o
partonskih porazdelitvah ter mocˇni sklopitveni konstanti so zdruzˇene linearno; predpostavljamo,
da je masa Higgsovega bozona mh = 125.6 GeV.
Opazˇena masa je taka, da je pricˇakovana bogata fenomenologija s precej razpadnimi kanali in
produkcijski mehanizmi. Hkrati tudi omogocˇa eksperimentalno sˇtudijo razlicˇnih vidikov fizike
Higgsovega bozona ter tako podrobnejˇso sˇtudijo izvora spontanega zloma elektrosˇibke simetrije.
Do zdaj so podatki iz petih razlicˇnih razpadnih kanalov Higgsovega bozona, treh fermionskih
in dveh bozonskih, konsistetni s Standardnim Modelom.
Sklopitve Higgsovega bozona iz Standardnega modela so proporcionalne masi delcev, kar pomeni
da Higgsov bozon preferira razpad v tezˇje delce. Kljub temu je masa Higgsovega bozona pod
pragom tt¯, ZZ in WW , zaradi cˇesar so ti procesi kinematicˇno potlacˇeni. Dominantni razpadni
kanal (h→ b¯b) se izkazˇe za zatrtega zaradi parametricˇno majhne Yukawine sklopitve kar pomeni,
da je Higgsov bozon zelo ozka resonanca. Zato je precej razpadov znotraj Standardnega Modela
primerljivih; implicira pa tudi veliko obcˇutljivost na morebitne pojave nove fizike, predvsem
obcˇutljivost na eksoticˇne razpadne ter razne spremembe razpadov v okviru Standardnega mod-
ela. Produkcija Higgsovega bozona iz obicˇajne lahke snovi je potlacˇena zaradi sorazmernosti
sklopitvene konstante z maso lahke snovi; prav zato je dominantni produkcijski mehanizem v
hadronskih trkalnikih na nivoju kvantne zanke in tako zˇe v principu obcˇutljiv na pojave nove
fizike.
V Tabeli H.2 povzamemo rezultate za razvejitvena razmerja Higgsovega bozona v Standard-
nem Modelu skupaj s pripadajocˇimi negotovostmi uposˇtevajocˇ, da je mh = 125.6 GeV. LHC
Higgs Cross Section Working Group je pripravila najsodobnejˇse izracˇune, ki vkljucˇujejo vse
znane popravke viˇsjih redov, v [42]. Predvidena celotna razpadna sˇirina Higgsovega bozona v
Standardnem modelu je Γhtot = (4.15± 0.16) MeV.
Produkcija Higgsovega bozona iz lahkih delcev je majhna, ker se ta mocˇneje sklaplja s tezˇjimi
delci. Dominantni produkcijski kanali v trkalnikih obicˇajno vkljucˇujejo sklapljanje na masivne
kvarke (t kvark, subdominantno b kvark) in masivne vektorske bozone (W ali Z). Dominantni
produkcijski mehanizmi za Higgsov bozon z maso mh = 125.6 GeV v protonskih trkih na LHC
so:
• gluon-gluonska fuzija (ggF),
• fuzija masivnih vektorskih bozonov (VBF),
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(a) (c)
(b) (d)
Figure H.1: Feynmanovi diagrami za dominantne produkcijske mehanizme Higgsovega bozona
v Standardnem modelu: (a) gluon-gluonska fuzija, (b) fuzija masivnih vektorskih bozonov, (c)
asocirana produkcija z masivnim vektorskim bozonom, (d) asocirana produkcija s parom t¯t.
• asocirana produkcija z masivnim vektorskim bozonom (VH),
• asocirana produkcija s parom t¯t ali b¯b (ttH, bbH).
Na Sliki H.1 so prikazani reprezentativni Feynmanovi diagrami za produkcijske procese. Pri-
padajocˇi sipalni preseki pa se nahajajo v Tabeli H.3. Prevladujocˇe teoreticˇne negotovosti priha-
jajo iz okrnjene perturbacijske vrste, ki so ocenjene prek residualne renormalizacijske in faktor-
izacijske skale ter eksperimentalnih meritev partonskih funkcij in mocˇne sklopitvene konstante.
Eksperimenta ATLAS [40] in CMS [41] sta v juliju 2012 neodvisno predstavila odkritje nove
resonance. Od takrat naprej so analizirali sˇe vecˇ podatkov in tako bolj natancˇno dolocˇili last-
nosti nove resonance. Najpomembnejˇsi rezultat je, da kazˇe ima ta nova resonanca, lastnosti
Higgsovega bozona iz Standardnega modela.
Natancˇneje, eksperiment opazi pet razpadnih nacˇinov: WW , ZZ, γγ, bb, ττ se vsi ujemajo z
napovedmi Standardnega Modela. Produkcija resonance je konsistenta s Standardnim modelov
tudi preko gluon-gluonske fuzije, fuzije masivnih vektorskih bozonov, asocirane produkcije z
masivnim vektorskim bozonm ter asocirane produkcije s parom t¯t. Iskanje za nestandardnimi
razpadi je sˇe vedno v teku, ampak do zdaj rezultatov sˇe ni. Sodecˇ po meritvah kvantnih sˇtevil
nove resonance prepoznane kot Higgsov bozon Standardnega modela, je le-ta skalar s pozitivno
parnostjo. Kljub temu trenutna natacˇnost meritev omogocˇa da se manifestirajo pojavi nove
fizike. V tem delu bomo uporabili obstojecˇe podatke o Higgsu iz trkalnika LHC, da bomo
postavili omejitve na modele nove fizike.
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SU(3)C × SU(2)L × U(1)Y λΦ(v/mφ)2
(3,1, 1/3) −0.3± 0.5
(3,1,−2/3) −0.4± 0.6
(3,1,−4/3) −0.7± 0.6
(3,2, 1/6) −0.2± 0.3
(3,2, 7/6) −0.3± 0.3
(3,3,−1/3) −0.2± 0.2
(6,1,−1/3) −0.06± 0.12
(6,1, 2/3) −0.07± 0.12
(6,1,−4/3) −0.09± 0.12
(6,3,−1/3) (−0.02± 0.04) ∪ (−0.95± 0.05)
(8,2, 1/2) (−0.03± 0.05) ∪ (−1.22± 0.04)
Table H.4: Preferiran razpod parametrov λΦ(v/mφ)
2 pri 95% stopnji zaupanja (CL). Sma-
tramo samo tripletno, sekstetno ter oktetno barvno reprezentacijo, saj te lahko sklapljajo dire-
kno na polja Standardnega modela.
H.2 Iskanje novih barvnih stanj s pomocˇjo Higgsovega bozona
H.2.1 Barvni skalarji
Veliko dobro motiviranih modelov nove fizike implicira obstoj barvnih skalarjev. Fenomenolosˇko
so zanimivi tisti modeli, ki predvidevajo barvne skalarje z maso okrog TeV. Zanimivo je omeniti,
da v Teorijah Velikega Poenotenja (GUT) lahko barvni skalarji bistveno izbolˇsajo poenotenje
umeritvenih sklopitev. Da se najti povezave med protonskim razpadom ter maso barvnih skalar-
jev, ki potem napovedo lahke barvne skalarje v dolocˇenih minimalnih modelih. Pokazali bomo
kako doticˇni lahki barvni skalarji nastopajo v preprostih scenarijih poenotenja snovi. Sˇtudirali
smo poenotenje umeritvenih sklopitev v dveh modelih, ki temeljita na SU(5) umeritveni grupi.
Demonstrirali smo, da morajo dolocˇeni barvni sklaraji biti lahki zato, da se ujemajo s trenutnimi
omejitvami iz meritev protonskega razpadnega cˇasa.
Na drugi strani pa se novi skalarni delci v razsˇiritvah Standardnega modela genericˇno sklapljajo
na Higgsov bozon preko skalarnega potenciala. Na skalah viˇsjih od skale zloma elektrosˇibke inter-
akcije skalarni potencial vsebuje umeritveno invariante marginalne operatorje oblike Φ†ΦH†H,
kjer je H Higgsov dublet iz Standardnega modela in Φ novi skalarni sˇibki (in/ali barvni) multi-
plet. Barvna skalarna polja, ki se sklapljajo na Higgsov bozon preko operatorja Φ†ΦH†H lahko
bistveno spremenijo produkcijo Higgsovega bozona in njegove razpadne lastnosti. Glavni vpliv
se oprazi na procesi induciranih preko zanke, kot so gg → h, gg → hh, h → γZ and h → γγ.
Vpliv na produkcije preko drevesnega reda ostane nedotaknjen. Nedavne meritve Higgsovega
bozona omogocˇajo preiskovanje takih interakcij.
V tem delu preucˇujemo eno barvno skalarno reprezentacijo Φ z degeneriranim sˇibkim multiple-
tom (mφ) in sklopitvijo na Higgsov bozon (λΦ) kot:
L 3 −λΦ(Φ†iaΦia)(H†jHj) = −λΦvΦ†iaΦiah+ . . . . (H.6)
S pomocˇjo teh dveh parametrov izrazimo signal Higgsoeva bozona. Z uporabo trenutnih LHC
podatov najdemo prefererian parametricˇni prostor. Podrobnosti o Higgsovih podatkih se najdejo
v Sekciji 2.4.
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Skupna verjetnost je funkcija enotne kombinacije parametrov, konkretno je funkcija razmerja
λΦ and m
2
φ. Rezultati za preferiran razpon za for λΦ(v/mφ)
2 pri 95% stopnji zaupanja (CL) za
razlicˇne barvne skalarne reprezentacije so predstavljene v Tabeli H.4.
Razklopitvena limita do Standardnega Modela (λΦ → 0 in (ali)mφ →∞) je zdruzˇljiva s podatki.
Omejitve na parametre v glavnem prihajajo iz ggF produkcijskega mehanizma in so bolj stroge
za vecˇje barve reprezentacije. Ob predpostavki, da je λΦ ∼ 1, podatki izkljucˇijo tripletno
(oktetno) barvna skalarna stanja za masami manj kot ∼ 0.4 (∼ 1) TeV. Zaradi presezˇka, ki ga
opazi ATLAS, v razpadu h→ γγ opazimo rahlo nagnjenje k negativnom vrednosti sklopitvene
konstante λΦ.
Ena resˇitev, ki je konsistentna s podatki, je da so dovolje negativne in velike vrednosti λφ, tako
da so prispevki skalarne zanke dvakrat vecˇji od prispevka zanke s top kvarkom ampak z nasprot-
nim predznakom. V tem primeru stopnja proizvodnje Higgsovega bozona preko gluon-gluonske
fuzije ostane na nivoju Standardnega Modela. V Tabeli H.4 sta nasˇteti dve reprezentaciji, ki
lahko dosezˇeta to. To sta barvni: sekstet, sˇibki triplet s hipernabojem −1/3 (6,3,−1/3), ter
barvni oktet, sˇibki dublet s hipernabojem 1/2 (8,2, 1/2). Dovoljen parameterski prostor za
oba primera je majhen, t.j. zahtevana vrednost sklopitve λφ je prakticˇno enolicˇno dolocˇena z
dano vrednostjo mφ in obratno. Izkazˇe se, da mase seksteta (okteta) nad 480 GeV (420 GeV)
vodijo v neperturbativne vrednosti sklopitvene konstante λΦ >
√
4pi. Po drugi strani pa je
direktno iskanje teh resonance v eksperimentu omejilo zanimiv parameterski prostor, tako da
so negativne vrednosti sklopitvene konstante tezˇje izvedljive.
H.2.2 Nekiralni kvarki
Najlazˇje nove prostostne stopnje v modelih, ki se ukvarjajo z elektrosˇibkim hierarhicˇnim prob-
lem, so nekiralni kvarki. Taki modeli obravnavajo Higgsov bozon kot psevdo goldstonov bozon
globalne simetrije, ki je eksplicitno zlomljena z umeritveno simetrijo Standardnega modela in
Yukawinimi sklopitvami [126, 127]. V takih modelih se dominantne kvadraticˇne divergence
v popravki k Higgsovi masi na nivoju ene zanke med top kvarkom in vektorskim kvarkom
odsˇtejejo. K temu prispevajo operatorji dimenzije 5 oblike H†HQ¯Q, kjer je H Higgsov dublet
in Q sˇibki mulitplet nekiralnega kvarka. V splosˇnem lahko parametriziramo Higgsove enodelcˇne
in dvodelcˇne interakcije z arbitranim sˇtevilo kvarkovskih okusov v masni bazi z:
Leffh =
(
−yijh+ xij h
2
2v
)
f
i
Lf
j
R + h.c. , (H.7)
kjer je v = (
√
2GF )
−1/2 ' 246 GeV, t.i. elektrosˇibki kondenzat. Pogoj za krajˇsanje kvadraticˇnih
divergenc takih interakcij na nivoju ene zanke pa se lahko zapiˇse kot:∑
i
<(xii)mi
v
=
∑
i,j
|yij |2 . (H.8)
Pojav novih operatorjev dimenzije pet je edinstvega lastnost efektivnih teorij z novimi lahkimi
nekiralnimi fermioni. Taki operatorji so korenito povezani s hierahicˇnim problemom v Standard-
nem modelu in njegovo razresˇitvijo; prav zato se preicˇakuje, da bodo ti operatorji predstavljali
dominantno sondo za novo dinamiki v UV regiji. Zato bomo v tem delu sistematicˇno preiskali
vpliv dinamicˇnih nekiralnih kvarkov na fiziko Higgsovega bozona.
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Najprej sˇtudiramo renormalizabilne modele z nekiralnimi kvarki. Zacˇnemo z masnimi matrikami
kvarkov tipa up in down v sˇibki (kiralni) bazi:
− Lmass = u¯iLMiju ujR + d¯iLMijd djR + h.c. , (H.9)
kjer indeksa i, j tecˇeta preko vseh dinamicˇnih kvarkovskih okusov (vkljucˇno z nekiralnimi
kvarki). Masne matrike Mu,d se lahko diagonalizirajo preko unitarnih rotacij Mu,d,diag =
Uu,dL Mu,dUu,d†R . Posledicˇno se da zapisati umeritvene in Higgsove interakcije v splosˇni obliki
(glej [131]):
LW = − g√
2
(V Lij u¯
iγµPLd
j + V Rij u¯
iγµPRd
j)W+µ + h.c. , (H.10)
LZ = − g
2cW
(
Xuij u¯
iγµPLu
j −Xdij d¯iγµPLdj + Y uij u¯iγµPRuj − Y dij d¯iγµPRdj − 2s2WJµEM
)
Zµ ,
(H.11)
L(0)h = −(Xuij − Y uij )
mj
v
u¯iPRu
jh− (Xdij − Y dij)
mj
v
d¯iPRd
jh+ h.c. , (H.12)
kjer je PR,L = (1 ± γ5)/2, g = 2mW /v ' 0.65 sˇibka sklopitev, medtem ko sta sW '
√
0.23 in
cW =
√
1− s2W sinus in kosinus sˇibkega kota. JµEM = (2u¯iγµui − d¯iγµdi)/3 je elektromagnetni
kvarkovski tok. Okusne matrike V L,R, Xu,d in Y u,d so podane z Uu,dL,R; V
L
ij lahko zapiˇsemo kot
V Lij ≡ (UdL)∗jk(UuL)ik, kjer ponovljeni indeks tecˇe cˇez vse levorocˇne sˇibke dublete, V Rij pa lahko
zapiˇsemo kot V Rij ≡ (UdR)∗jk(UuR)ik, kjer ponovljeni indeks tecˇe cˇez desnorocˇne sˇibke dublete.
Potem so (hermitske) okusne matrike, ki nastopajo v nevtralnem toku in Higgsovih interak-
cijah podane z Xu ≡ V LV L†, Xd ≡ V L†V L, Y u ≡ V RV R† in Y d ≡ V R†V R. Posledicˇno
so nestandardne Higgsove interakcije, v takih renormalizabilnih modelih z dodatnimi kvarki,
omejene z nabitimi in nevtralnimi sˇibkimi tokovi med tremi znanimi generacijami kvarkov.
Na primer, odstopanje V L od 3 × 3 unitarne matrike in nastop nenicˇelnih V R je omejen z
natancˇno pomerjenimi nabitimi tokovi v drevesnem redu:
∑
j=d,s,b |V Lij |2 = 1 − ∆ui ≤ 1 (za
i = u, c, t) in
∑
j=u,c,t |V Lji |2 = 1 − ∆di ≤ 1 (z i = d, s, b) so omejeni v odsotnosti V R, saj je
∆uu < 0.001 [132], ∆
u
c < 0.052 [190], ∆
u
t < 0.13 (glej Appendix B) , ∆
d
d < 0.01, ∆
d
s < 0.08 [190]
and ∆db < 1 − |V Ltb |2 < 0.15 (glej Appendix B). Velja omeniti, da so v modelih brez dodatnih
kvarkov tipa up (down) ∆di = δX
d
ii (∆
u
i = δX
u
ii), kjer je δX
u,d
ii ≡ 1−Xu,dii .
Izven diagonalne omejitve v drevesnem redu na kolicˇini Xu,d in Y u,d se lahko dobijo iz prispevkov
k okusno spreminjajocˇim nevtralnim tokov (FCNC) kvarkov tipa up in down, ki so potekajo
prej izmanjave Z bozona. V scenarijih, ki jih preucˇujemo nastopajo ali nestandardni Xu,dij 6= δij
ali Y udij 6= 0, ne pa oboji hkrati. V teh primerih so meje na izven diagonalne vnose matrik Xu,d
ali Y u,d majhne, |Xucu|, |Y ucu| < 2.1 × 10−4 [135, 136], |Xutu,tc|, |Y utu,tc| < 0.14 (glej Appendix B);
Re(Xdds),Re(Y
d
ds) < 1.4×10−5, |Xddb|, |Y ddb| < 4×10−4 in |Xdsb|, |Y dsb| < 1×10−3 (glej Appendix C).
Elektrosˇibke meritve postavljajo mocˇne omejitve na diagonalne vrednosti Xu,d in Y u,d (glej
Appendix D).
Glavna posledica zgornje razprave je, da je v renormalizabilnih modelih z dodatnimi nekiralnimi
kvarki sklopitev Higgsovega bozona s tremi poznanimi kvarkovskimi generacijami podobna Stan-
dardnemu Modelu neodvisno od spektra ali interakcij dodatnih tezˇkih kvarkov. Edina mogocˇa
izjema je top kvark (recimo Xutt, Y
u
tt ). To je zato, ker so te kolicˇine tesno povezane s sklop-
itvami Z bozona in tako zelo omejene iz meritev nabitih in nevtralnih sˇibkih tokov. Pokazali
bomo, da v primeru sˇibkega singleta tipa up, singleta tipa down in dubleta nekiralnega kvarka,
fenomenologija Higgsovega bozona ostane podobna tisti v Standardnem modelu.
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V preostanku podpoglavja bomo dovolili nerenormalizabilne interakcije; v prisotnosti dinamicˇnih
nekiralnih kvarkov se nerenormalizabilni operatorji pojavijo ze pri dimenziji pet. V splosˇnem
so oblike H†HQ¯Q in H†Hq¯Q, kjer q pomeni kiralne kvarkovske multiplete iz Standardnega
Modela. Glavne posledice so:
• direktna sklopitev di-Higgsa na fizikalne kvarke z mogocˇimi implikacijami za hierarhicˇni
problem Standardnega Modela
• modifikacije skloptive med Higgsom in kvarkom, ki niso povezane z nevtralnimi ali nabitimi
sˇibkimi tokovi.
V bazi kvarkovske mase se dodatni prispevki napiˇsejo kot:
L(1)h =
(
Xu′ij
Λ
u¯iLu
j
R +
Xd′ij
Λ
d¯iLd
j
R
)[
vh+
h2
2
]
+ h.c. , (H.13)
kjer je Λ rez na UV skali efektivne teorije, ki vsebuje Standardni model skupaj z dodat-
nimi nekiralnimi kvarki. Sklopitve Xu,d′ij treh poznanih generacij kvarkov na Higgsov bo-
zon pomenijo, da pride do mesˇanja med kiralnimi in nekiralnimi kvarki, kar je v splosˇnem
nepovezano in ni omejeno z meritvami nevtralnih in nabitih sˇibkih tokov. Izven diagonalne
vrednosti Xu,d′, so omeje z nizkoenergijskimi okusnimi opazljivkami [218]. V sektorju kvarkov
tipa up so |Xu′uc,cu|v/Λ < 7 × 10−5 in
√
|Xu′tu,tc|2 + |Xu′ut,ct|2v/Λ < 0.34 omejen z mesˇanjem
D0 in razpadi t → (c, u)h. Podobno K0, Bd in Bs mesˇanje zahteva |Xd′sd,ds|v/Λ < 2 × 10−5,
|Xd′bd,db|v/Λ < 2× 10−4 in |Xd′sb,bs|v/Λ < 1× 10−3.
Najbolj potencialno zanimivi pojavi prihajajo iz drevesnega reda Higgsove fenomenologije in
nerenormalizabilnih modelov nekiralnih kvarkov, ki so pravzaprav le modifikacije okusno di-
agonalnih Higgsovih sklopitev na lahke kvarke. V Standardnem Modelu je skupna razpadna
sˇirina Higgsovega bozona dominarana z razpadnim kanalom h → bb¯, katerega prve namige so
zˇe opazili na LHC [139, 140]. Modifikacije ybb imajo lahko tako zelo pomembne posledice za vse
opazˇene Higgsove razpade. Kljub temu, da so h → uu¯, dd¯, ss¯ ali h → cc¯ razpadi potlacˇeni,
jih LHC najverjetneje ne bo pomeril zaradi obsezˇnega QCD ozadja; vseeno pa v primeru
nenicˇelnega Xu,d′ii lahko prispevajo k celotni razpadni sˇirini Higgsovega bozona. Cˇe definiramo
∆γ ≡ ∑f=d,u,s,c Γh→ff¯/ΓSMh , dobimo ∑i=d,s ∣∣Xd′ii v/Λ−mi/v∣∣2 +∑i=u,c |Xu′ii v/Λ−mi/v|2 '
10−3∆γ, kar namiguje, da je mogocˇe obcˇutno povecˇanje v teh razpadnih kanalih. Netrivialna
omejitev na Xu,d′ii je v principu mogocˇa iz skupne razpadne sˇirine Higgsovega bozona. Pojavi
se vprasˇanje o pomembnosti uu → h (ali d¯d → h) produkcijskega mehanizma in primerjava
le-tega z dominatnim kanalom gg → h na LHC. Cˇe predpostavimo primerljive stopnje h→ uu¯
in h→ gg razpadov, se da pokazati, da je prispevek kvarkov tipa up k produkciji Higgsa na LHC
manjˇsi kot so teoreticˇne negotovosti (∼ 12%) dominatnega produkcijskega mehanizma [142].
Najbolj zanimivi efekti, ki vsebujejo lahke nekiralne kvarke v kombinaciji z Higgsovo fenomenologijo,
se pojavijo na nivoju ene zanke. V splosˇnem interakcije Higgs-fermion oblike (H.7) prispevajo
Povzetek doktorskega dela 30
k gluon-gluonski fuziji in difotonskemu razpadu Higgs na nivoju ene zanke
Rgg ≡ Γh→gg
ΓSMh→gg
'
∣∣∣∣∑
i
yii
v
mi
C(ri)A1/2(τi)
∣∣∣∣2∣∣1
2A1/2(τt) + 12A1/2(τb)
∣∣2 , (H.14)
Rγγ ≡ Γh→γγ
ΓSMh→γγ
'
∣∣∣∣A1(τW ) +∑
i
yii
v
mi
d(ri)Q
2
iA1/2(τi)
∣∣∣∣2∣∣A1(τW ) + 43A1/2(τt)∣∣2 , (H.15)
kjer sta d(ri) in C(ri) dimenzija in index barvne reprezentacije fi. Qi je njen elektricˇni naboj.
Relevantne zankovne funkcije A1(τ) in A1/2(τ) so opisane v Appendix A. τi ≡ m2h/(4m2i ). V
limiti velike fermionske mase je A1/2(τ) → A1/2(0) = 4/3. V standardnem modelu je gluon-
gluonska fuzija, gg → h, dominirana z zanko, ki vsebuje top kvark ((1/2)A1/2(τt) = 0.688),
malo pa prispeva tudi kvark b ((1/2)A1/2(τb) = −0.04 + ı0.06). Pogovorno je Higgsov razpad v
dva fotona v okviru Standardnega modela dominiran z zanko W bozona, ki da A1(τW ) = −8.34
in se intereferira destruktivno s prispevkom top kvarka k (4/3)A1/2(τt) = 1.84. Izkazˇe se, da
so prispevki lazˇjih kvarkov k Higgsovim procesom induciranim prek zanke, zanemarljivi cˇe tudi
njihove sklopitve s Higgsom nasicˇijo limite iz ∆γ.
Da dobimo omejitve na razlicˇne scenarije (glej Fig. 3.6) uporabimo trenutne podatke iz LHC.
V nasprotju z renormalizabilnimi modelu, lahko z nerenormalizabilnimi modeli pokazˇemo vidne
efekte v Higgsovi fenomenologiji. Preiskovali smo prispevke vseh treh tipov dodatnih nekiralnih
kvarkov, ki se mesˇajo z generacijami Standardnega modela. Trenutni eksperimentalni podatki
v precejˇsni meri preferirajo mozˇnost, da nekiralni kvarki prispevajo k krajˇsanju kvadraticˇne
divergence v Higgsovi masi. Iz takih podatkov se v principu da dobiti robustne omejitve na
mase nekiralnih kvarkov v primerjavi z rezultati direktnih iskanj, ki se zanasˇajo na specificˇne
razpadne podpise.
H.3 Higgsov portal v Temno snov
Izvor temne snovi (TS) v Vesolju je ena izmed najtezˇjih ugank moderne kozmologije. Opazˇena
kozmolosˇka gostota temne snovi se da naravno namestiti s postulacijo sˇibko interagirajocˇih ma-
sivnim delcev (WIMP) z maso na elektrosˇibki skali in standardno evolucijo v zgondnjem Vesolju.
WIMP cˇudezˇ predstavlja mocˇno motivacijo za novo fiziko dostopno na trenutnih eksperimentih.
Ena izmed posebej zanimivih mozˇnosti, da bi se Higgsov bozon sklapljal na temno snov. Razlog
za to je precej splosˇen. Cˇe predpostavimo, da je odkriti skalarni delec zares del Higgsovega
elektrosˇibkega dubleta H, potem je H†H edini umeritvno in Lorentzovo invarianten operator v
Standardnem Modelu. Kot tak lahko tvori ”Higgsov portal” v temno snov [180].
V tem primeru povecˇamo Standardni Model z enim nevtralnim poljem, ki bo predstavljalo
temno snov. To polje je liho v oziru na Z2 simetrijo. Nadaljno si bomo pogledali temno snov z
spini do vkljucˇno 1, torej temna snov je lahko skalar φ, fermion ψ ali vektor Vµ. Dominantne
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interakcije temne snovi z Standardnim modelov v vsakem izmed primerov so:
H0eff = λ′H†H × φ†φ , (H.16a)
H1/2eff =
cS
Λ
H†H × ψ¯ψ + icP
Λ
H†H × ψ¯γ5ψ , (H.16b)
H1eff = HH†H × V µVµ . (H.16c)
Po zlomu elektrosˇibke sumetrije
H†H → 1
2
(v2EW + 2vEWh+ h
2) , (H.17)
kjer je vEW ' 246 GeV elektrosˇibki kondenzat in h Higgsov bozon.
Eksperimentalna iskanja postavijo veliko netrivialnih omejitev na to idejo. Pomemben param-
eter v teh omejitvah je masa temne snovi. Cˇe je temna snov lahka, mDM < mh/2, potem Higgs
lahko razpade v temno snov. Posledicˇna nevidna razpadna sˇirina Higgsovega bozona je na 95%
stopnji zaupanja omejena na B(h → invisible) < 0.19(0.38). Ta omejitev pride iz globalnih
prilagajanj Higgsovih sklopitev na fermione v Standardnem Modelu. Ta omejitev je netrivialna,
saj je v Standardnem Modelu, Higgs ozka resonanca. Z izjemo nekaj opozoril, je potrebno,
da je sklopitev Higgsa z temno snovjo manjˇsa kot Yukawina sklopitev v Standardnem Modelu,
yb ∼ O(0.02). To potem zagotavlja, da je nevidno razvejitveno razmerje manjˇse kot dominantni
kanal h→ bb¯.
Na eni strani imamo zahtevo, da se Higgs ne sme sklapljati na lahko temno snov premocˇno,
na drugi strani pa je potrebno O(1) sklapljanje Higgsa na temno snov, da se dobi pravilni
termicˇni ostanek. Napetost met tema dvema zahtevama vodi v ocˇiten zakljucˇek, da so modeli
s Higgsovim portalom z lahko temno snovjo izkljucˇeni. Kvantitativno je bilo to pokazano v
[182] za najpreprostejˇsi model, kjer je bilo predpostavljeno, da Γinvisibleh . 0.2ΓSMh ' 0.8 MeV.
Sprosˇcˇanje teh mej ne spremeni njihovega zakljucˇka.
Ali so sˇe izvedljivi modeli s Higgsovim portalom z lahko temno snovjo? Kaksˇne modifikacije
najpreprostejˇsih modelov [182] so potrebne? Razsˇirimo analizo modelov s Higgsovim portalom
v temno snov tako, da vkljucˇimo operatorjev viˇsjih dimenzij. Glavna razlika med tem in mini-
malnimi modeli s Higgsovim portalo je prisotnost nove skale Λ. Pravzaprav je treba zˇe za model
s Higgsovim portalom v fermionsko temno snov uvesti dimenzijsko skalo Λ, saj je sklapljanje s
Higgsov rabi operatorje dimenzije pet. Pridemo do sledecˇih splosˇnih zakljucˇkov:
• Predpostavimo, da je efektivni opis Standardnega Modela in temne snovi kot edine sˇibke
skale dinamicˇnih prostostnih stopenj pravilen in da vsi brezdimenzijski parametriO(1). Cˇe
je odkrit rapzad h → DM + DM blizu trenutne eksperimentalne limit, na redu velikosti
O(few 10%), potem temna snov ne more biti termicˇni ostanek, ali pa mora biti njena
gostota neodvisna od interakcij s Higgsovim poljem.
• Higgsov portal v temno snov je sˇe vedno mogocˇ, cˇe efektivni opis z efektivno toerijo
polje ni veljaven ali cˇe je razpad B(h→ invisible) potlacˇen pod naivno mejo sˇtetja (velja
lahko tudi oboje). V obeh primerih morajo obstajati drugi lahki delci z masami pod
O(few 100 GeV).
Zgornje zakljucˇke demonstriramo s tremi razlicˇnimi primeri Higgsovega portala v lahko temno
snov: (i) Standardni Model razsˇirjen s skalarjem temne snovi skupaj z elektrosˇibkim tripletom in
singletom (glej 5.3.1), (ii) Model z dvema Higgsovima dubletoma tipa II ter dodatnim skalarjem
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temne snovi (glej 5.3.2), (iii) Standardni Model s temno snovjo in dodatnim skalarnim singletom,
ki je lazˇji od temne snovi (glej 5.3.3). Vsi primeri si delijo lastnost, da je nevidni razmejitveno
razmerje in termicˇni ostanek razklopljeno in jima vladajo drugi parametri. Edino v primeru
(ii) je dominantni anihilacijski kanal temne snovi v pare bb¯ kot v najpreprostejˇsih modelih
Higgsovih portalov. Kot rezultat ta model tudi potrebuje uglasˇena krajˇsanja, da se izogne
direktnim omejitvam detekcije temne snovi.
Ker Higgsovi portali v temno snov potrebujejo lahke delce, lahko obstajajo zanimive fenomenolosˇke
posledice. Netrivialna dinamika pod TeV skalo bi lahko pusˇcˇala obcˇutne sledi v natancˇnih opa-
zljivkah na nizki skali; lahko pa bi bila tudi direktno pomerjena na visoko energijskih trkalnikih.
Na primer, nabiti skalarji iz primera (i) lahko pomenijo razpade, ki krsˇijo leptonski okus, primer
(ii) omogocˇa nevidne razpade Higgsovega bozona, medtem ko v primeru (iii) Higgs rapzade v
sˇtiri b curke na nivjo nekaj desetih odstotkov.
H.4 Top – Higgs Okusne Krsˇitve na LHC
Preiskujemo obcˇutljivost LHC na top–Higgs interakcije, ki krsˇijo okusno simetrijo. Ker so te
interakcije mocˇno potlacˇene v okviru Standardnega Modela, bi pozitiven signal na LHC pomenil
jasen znak nove fizike, na primer v obliki dodatnih Higgsovih bozonov ali nerenormalizabilnih
sklopitev le-tega.
Top–Higgs interakcije, ki krsˇijo okusno simetrijo, parametriziramo v masni bazi up kvarka kot:
− Ltqh = ytu t¯LuRh + yut u¯LtRh + ytc t¯LcRh + yct c¯LtRh + h.c. . (H.18)
Cˇe zanemarimo mase lahkih kvarkov in predpostavimo da je razpadna sˇirina top kvarka priblizˇno
enaka vrednosti Standardnega Modela Γ(t→Wb) potem je priblizˇna relacija med relevantnimi
razvejitvenimi razmerji t→ qh in Yukawinimi sklopitvami, ki krsˇijo okusno simetrijo podana z:
BR(t→ hq) = |ytq|
2 + |yqt|2
2
√
2GF
(m2t −m2h)2
(m2t −m2W )2(m2t + 2m2W )
ηQCD ' 0.29
(|ytq|2 + |yqt|2) , (H.19)
kjer je mt masa top kvarkva, mW je masa W bozona, mh masa Higgsovega bozona ter GF
Fermijeva sklopitvena konstanta. Zgornji izraz temelji na formulah vodecˇega reda za razpade
t→Wb in t→ hq. Naslednji popravki k vodecˇemu redu (NLO) QCD k razvejitvenemu razmerji
(s polsko top maso) so vkljucˇeni v faktorju ηQCD = 1 + 0.97αs = 1.10 ter izracˇunani z uporabo
znanih popravkov v razpadih t → W+b [223, 225] in t → ch [226]. Vrednosti ytq = yqt ' 0.13
ustrezajo razvejivtenem razmerju BR(t→ hq) ' 1%. Produkcija parov top kvarka, ki jih sledi
anomalni razpad t→ qh ima skupen sipalni presek:
σ[pp→ (thq¯, t¯hq)] = 2σ(pp→ tt¯)BR(t→ hq) ' 140 (470) pb× (|ytq|2 + |yqt|2) , (H.20)
pri energiji LHC
√
s = 8 (13) TeV. Uporabili smo NNLO QCD vrednosti za σ(pp → tt¯) =
245 (806) pb [247].
Interakcije opisance v Enacˇbi (H.18) prispevajo tudi k asocirani produkciji enega top kvarka ter
Higgsa na LHC. Efekti ytu in yut so obcˇutni zaradi velikega toka valencˇnih up kvarkov. Sipalni
presek za produkcijo t+ h je primerljiv z magnitudo podano v Enacˇbi (H.20):
σ(pp→ th) ' 74 (180) pb× (|ytu|2 + |yut|2) , (H.21)
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Figure H.2: Sipalni preseki za razpade (t→ bW ) + (t→ hq). Sklopitvena konstanta za pro-
dukcijo top kvarka in Higgsa prek sklopitev, ki krsˇijo okusno simetrijo, kot funkcija hadronske
invariantne mase normalizirana na pripadajocˇe tqh sklopitve. Partonski sipalni preseki so
izracˇunani v glavnem redu QCD, medtem ko je partonska luminoznost izracˇunana s pomocˇjo
MSTW2008 partonskih distribucijskih funkcij [141]. Renormalizacijska ter faktorizacijska skala
sta fiksirani na maso top kvarka (µr = µf = mt = 173.2 GeV).
kjer smo uporabili NLO QCD rezultat iz [228].
Sipalni presek za konjugirani proces, produkcija kvarka antitop ter Higgsa, je priblizˇno en red
manjˇsi. Procesi, ki jih inducira sklopitev tch so dodatno potlacˇeni, kot je ilustrirano v Sliki H.2.
To implicira, da je za dano invariantno maso in luminoznost obcˇutljivost na skloptive tuh v
splosˇnem boljˇsa kot na sklopitve tch. Iz prispevka qg → th k koncˇnim stanjem top kvarka in
Higgsa lahko locˇimo med sklopitvami na up kvarke in sklopitvami na c kvarke.
Medtem ko so se eksperimenti osredotocˇili na anomalne top razpade tipa t → hq, smo mi
pokazali, da je produkcija anomalnega samotnega top kvarka skupaj s Higgsom vsaj tako
pomembna v primeru sklopitev tuh. Ponuja dodatno mozˇnost za izboljˇsanje natancˇnosti in
obcˇutljivosti. Produkcija samotnega top kvarka ter Higgsa je manj pomembna v primeru sklo-
pitve tch, zaradi potlacˇenih partonskih distribucij c kvarka v protonu.
Da bi izboljˇsali limite na sklopitve tuh, vkljucˇno s prispevki top kvarka in Higgsa, si ponovno
pogledamo obstojecˇa iskanja v multileptonskih kanalih [221], kanal difotona z leptonom [219]
ter vektorski bozon s Higgsom [222]. Nasˇe najboljˇse limite na razvejitveno razmerje BR(t →
hu) < 0.45% in na Yukawine sklopitve y2ut + y
2
tu < 0.014 prihajajo iz kanala z difotonom in
leptoni in so faktor 1.5 mocˇnejˇse kot prejˇsnje limite. Limite iz ostalih kanalov so rahlo sˇibkejˇse
ampak sˇe vedno konkurencˇne. Limite so povzete v Tabeli H.5.
Preiskujemo tudi mogocˇe bodocˇe izboljˇsave za iskanje sklopitev top–Higgs, ki krsˇijo okusno
simetrijo. Hkrati vkljucˇujemo razvoj popolnoma nove strategije pri iskanju razpadov v hadron-
ska stanja. Pokazali smo da multileptonski kanali, kanali difotona in leptona ter vektorskega
bozona s Higgsom lahko obcˇutno izboljˇsajo trenutne meje in imajo potencial, da razlocˇijo sklo-
pitve tuh od tch pri zanesljivosti 2σ, ko je enkrat signal odkrit pri 5σ. To je mogocˇe zato, ker
v primeru sklopitev tuh, proces ug → th signifikantno prispeva k signalu. V tem procesu se
Povzetek doktorskega dela 34
√
y2ut + y
2
tu BR(t→ hu)
√
y2ct + y
2
tc BR(t→ hc)
Nove limite iz obstojecˇih podatkov
Sec. 4.3.1: Multileptonski < 0.19 < 1.0% < 0.23 < 1.5%
Sec. 4.3.2: Difoton ter leptoni < 0.12 < 0.45% < 0.15 < 0.66%
Sec. 4.3.3: Vektorski bozoni ter
Higgs
< 0.16 < 0.70% < 0.21 < 1.2%
Pricˇakovane bodocˇe limite (13 TeV, 100 fb−1)
Sec. 4.3.3: Vektorski bozoni ter
Higgs
< 0.076 < 0.15% < 0.084 < 0.19%
Sec. 4.4.1: Multileptonski < 0.087 < 0.22% < 0.11 < 0.33%
Sec. 4.4.2: Hadronski < 0.12 < 0.36% < 0.13 < 0.48%
Table H.5: Povzetek nasˇih limit na sklopitve tuh in tch, ki krsˇijo okusno simetrijo, iz CMS
podatkov za multileptonske razpade, razpade dveh fotonov ter leptona ter vektorskega bozona
ter Higgsa. Podane so tudi pricˇakovane obcˇutljivosti za prihodnje meritve pri luminoznosti
100 fb−1 in invariantni masi 13 TeV. Podrobnosti o analizi se nahajajo v tekstu.
Higgsov bozon proizvede s precejˇsnjim potiskom naprej, medtem ko je v ostalih procesih smer
Higgsovega bozona dokaj enakomerno porazdeljena. Nadaljno, ug → th vodi do asimetrije v
celotnem naboju leptonov koncˇnega stanja. Za sklopitve tch je pripadajocˇi proces cg → th, ki
pa je poltacˇen s partonsko porazdelitvijo c kvarka in zato zanemarljiv.
Za hadronske procese (t → bjj) + (h → bb¯) in t → j + (h → bb¯) smo razvili analizo, uporablja
podstrukturo curkov, da dolocˇi razpade top kvarka znotraj Standardnega Modela, razpade h→
bb¯ in t → j + (h → bb¯). Izkazˇe se, da so lahko ozadja v takem iskanju ustrezno potlacˇena,
kar pomeni da postane obcˇutljivost konkurencˇna razpadom z leptonskimi in semileptonskimi
koncˇnimi stanji. Nasˇe pricˇakovane limite so povzete v Tabeli H.5.
Naj omenimo sˇe, da vecˇ procesov na LHC kazˇe potencial za obcˇutljivost na razpade top–Higgs, ki
krsˇijo okusno simetrijo. Na primer, sklopitve tuh bi lahko pomenile povecˇanje diHiggs produkcije
na drevesnem redu preko u–u trkov z izmenjavo top kvarka v t-kanalu. V takem primeru,
bi se relevantni sipalni preseki skalirali s cˇetrto potenco Yukawinih sklopitev, ki krsˇijo okusno
simetrijo. Trenutne zgornje meje na ta efekt so zˇe precej potlacˇene v primerjavi z opazˇenim [250].
Podobno naj bi bila produkcija top kvarka iz sipanja u–u prek izmenjave Higgsa v t-kanalu pod
trentuno obcˇutljivostjo (glej [253]), podano s trenutnimi vrednostmi ytu,ut.
Da povzamemo, mnogi namigi na interakcije tqh, ki krsˇijo okusno simetrijo, na LHC, ki smo
jih sˇtudirali v trenutnem delu kazˇejo primerljive obeti na omejitev ali odkritje takih fenomenov.
Sˇe pomembneje, mogocˇe bo celo locˇiti med razpadi tuh in tch z izkoriˇscˇanjem odsotnosti par-
tonskega procesa ug → th. Pri zdruzˇitvi vecˇih iskanj v eno globalno analize, se mogocˇe izkazˇe,
da lahko LHC sondira interakcije med top kvarkom in Higgsom, ki krsˇijo okusno simetrijo z
natancˇnostjo v BR(t→ hj) . 0.1%.
